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Abstract 



This thesis aims to make precise the microscopic understanding of Hawking radiation from 
the D1/D5 black hole. We present an explict construction of all the shortmultiplets of the 
Af = (4, 4) SCFT on the symmetric product T 4 / S(Q 1 Q 5 ). An investigation of the symmerties 
of this SCFT enables us to make a one-to-one correspondence beween the supergravity 
moduli and the marginal opeerators of the SCFT. We analyse the gauge theory dynamics of 
the splitting of the D1/D5 system into subsystems and show that it agrees with supergravity. 
We have shown that the fixed scalars of the Dl /D5 system couple only to (2, 2) operators thus 
removing earlier discrepancies between D-brane calculations and semiclassical calculations. 
The absorption cross-section of the minimal scalars is determined from first principles upto 
a propotionality constant. We show that the absorption cross-section of the minimal scalars 
computed in supergravity and the SCFT is independent of the moduli. 
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Chapter 1 



Introduction 

A unified theory of fundamental interactions should include within its framework a quan- 
tum theory of gravity. The quantization of Einstein's theory of gravity using conventional 
methods poses a host of problems. Einstein's theory of gravity is a non-renormalizable 
field theory. Therefore one can not extract meaningful answers from quantum perturbation 
theory. The existence of black holes as solutions in Einstein's theory of gravity is another 
stumbling block. Arguments involving physics of black holes within the framework of quan- 
tum mechanics seem to lead to the conclusion that quantum mechanical evolution of black 
hole is not unitary. This contradicts the basic rules of quantum mechanics. 

At present string theory is the leading candidate for a unified theory of fundamental 
interactions. The massless spectrum of string theory includes the graviton. The low energy 
effective action of string theory includes the Einstein action. String theory is also consistent 
with the rules of quantum mechanics. Thus the natural generalization of Einstein's theory 
within the framework of quantum mechanics is string theory. Furthermore string theory is 
perturbatively finite. This cures the non-renormalizability of gravity. The understanding of 
non-perturbative spectra of string theory like D-branes has paved the way for addressing the 
problems of black hole physics. In this thesis we will attempt to make precise the description 
of black hole physics within the framework of string theory. 

1.1 Black hole physics 

Let us briefly review some general properties of black holes. Black holes are objects which 
result as end points of gravitational collapse of matter. For masses greater than 3.6 solar 
mass, the gravitational force overcomes all other forces and the matter generically collapses 

1 



into a black hole (in some exceptional cases a naked singularity might result). This would 
suggest that to specify a black hole it is necessary to give in detail the initial conditions of 
the collapse. As we will see below a black hole is completely specified by a few parameters 
only. 

To introduce various concepts related to black hole we will discuss two examples of black 
holes. First, let us consider the Schwarzschild black hole in 3 + 1 dimensions. It is a time 
independent, spherically symmetric solution of pure Einstein gravity. Its metric is given by 

2G N M\ 2 / 2G 7V M\- 1 2 o, n2 



ds 2 = - (l - ^f^j dt 2 + ^y^j dr 2 + rW (1.1) 

where t refers to time, r the radial distance, Q the solid angle in 3 dimensions and Gn the 
Newton's constant. We have chosen units so that the velocity of light, c = 1. The surface 
r = IGfqM is called the event horizon. It is a co-ordinate singularity but not a curvature 
singularity. Light-like geodesies and time-like geodesies starting at r < 2G N M end up at 
r = (the curvature singularity) in finite proper time. This means that classically the black 
hole is truly black, it cannot emit anything. Note that the solution is completely specified 
by only one parameter M, the mass of the black hole. 

Next we consider the Reissner-Nordstrom black hole. It is a time independent, spherically 
symmetric solution of Einstein gravity coupled to the electromagnetic field. The solution is 
given by the following backgrounds. 



ds , = t 2^M + £^W + (l- + W ,(1.2) 



A - Q 

r 



where A is the time component of the vector potential. This solution carries a charge Q. 
There are two co-ordinate singularities at 



r + = G N M + \JG 2 N M 2 - G N Q 2 (1.3) 

and 



r = G N M - - G N Q 2 (1.4) 



The event horizon is at r = r+. When M = \Q\/\/Gn, the outer horizon at r = r + and the 
inner horizon at r = r_ coincide. A black hole with coincident inner and outer horizons is 



called an extremal black hole. Note that in this case the black hole is completely specified 
by its mass M and the charge Q. 

In general, collapsing matter results in black holes which are completely specified by the 
mass M, the U(l) charges Qi and the angular momentum J. This is called the no hair 
theorem. Whatever other information (for example, multipole moments) present decays ex- 
ponentially fast during the collapse. Thus, all detailed information carried by the collapsing 
matter is completely lost. 

So far we have discussed the black holes only classically. In the seventies, the works 
of Bekenstein, Hawking and others furthered the understanding of black holes within the 
framework of quantum mechanics. It was found by Hawking that the Schwarzschild black 
hole is not truly black. A semi-classical calculation by Hawking showed that it emits radiation 
with the spectrum of a black body at a temperature T given by 

T= 8^M (L5) 

The quantum nature of this effect is clearly evident from the fact that the temperature 
is proportional to h. For the Reissner-Nordstrom black hole the temperature of Hawking 
radiation is 

t= (i ± _i_* (L6) 

Aixr% 

One notes that the extremal Reissner-Nordstrom black hole does not Hawking radiate. In 
general the Hawking temperature turns out to be function of mass, the charges and the 
angular momentum alone. Thus even semi-classical effects do not provide further information 
of the black hole. The works in the seventies culminated in the following laws of black holes 
which are analogous to the laws of thermodynamics. 

i. First Law: Two neighboring black hole equilibrium states are related by 

A 



dM = Td 



+ <S>idQi + ndJ (1.7) 



UG N h\ 

where A is the area of the event horizon, $ the electric surface potential and Q the angular 
velocity. For the special case of the Reissner-Nordstrom black hole the first law reduces to 

A 



dM = Td 



AG N h 
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+ <S>dQ. (1.8) 



where $ = Q/r+. 

ii. Second Law: Black holes have entropy S given by 

s ^ < L9 > 

In any irreversible process, the sum of the entropy of the black hole and the surroundings 
always increases. 

The above facts taken together lead to the following puzzle. Consider a black hole formed 
out of the collapse of a pure state. It eventually evaporates through Hawking radiation. The 
radiation is purely thermal. The final state is a mixed state. Thus we have a situation in 
which a pure state has evolved into a mixed state. This contradicts the unitary evolution of 
quantum mechanics. 

To emphasize where we lack in understanding let us contrast the above situation with that 
of radiation from a black body. A black body made up of a pure state radiates thermally. 
This is because we have averaged over the various micro-states of the black body. The 
radiation would contain sufficient information to reconstruct the pure state of the black 
body. In this case we do not have a contradiction with quantum mechanics. 

The difficulty with the understanding of black holes within the framework of quantum 
mechanics is because we do not know what are the microstates which contribute to the 
entropy of the black hole. Any serious candidate for the quantum theory of gravity should 
enable us to understand black holes from a microscopic point of view. It should provide 
us with a microscopic theory analogous to the way statistical mechanics is the microscopic 
theory for thermodynamics. String theory has demonstrated the potential to fulfill this 
requirement. 

1.2 Black holes in string theory 

The low energy effective action of string theory has black holes as solutions of its equation 
of motion. Based on earlier suggestions J|, |j an attempt was made to understand the 
entropy of black holes in string theory. ||,[7]] showed that the microscopic states contributing 
to the entropy of certain black holes in string theory arises due to the degeneracy of the 
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perturbative string spectrum. For bosonic string theory it was seen |3j that a very massive 
string with mass M at strong string coupling g s has a Schwarzschild radius, r Schwarzschild ~ 
g 2 s M larger than the string length \Zc? and therefore can be treated as a black hole. The 
entropy of states of the perturbative string for a given mass level can be computed as 
follows. One evaluates the degeneracy of the string states at a given mass. The logarithm 
of this degeneracy is the entropy of the string states at that mass level. For a perturbative 
string of mass M, the entropy is proportional to M. But it is well known that the entropy 
of a Schwarzschild black hole is proportional to M 2 . It was hoped that strong coupling 
effects would renormalize the mass of the string so that the entropy of the string could 
agree with that of the corresponding black hole. If one has a situation where mass does 
not get renormalized then the entropy evaluated at weak coupling should agree with that 
calculated at strong coupling. In superstring theory there are states whose masses are not 
renormalized. These are the BPS states. It was shown in J7| that a massive BPS string of 
heterotic string theory compactified on T 6 has an entropy due to perturbative string states 
which is proportional to the area of the stretched horizon. The supergravity configuration 
corresponding to this BPS string has a horizon of zero area. Thus it was necessary to find a 
black hole solution in string theory which is BPS and has finite area of horizon. Such black 
holes are known, but they carry Ramond-Ramond charges. They are solitonic solutions 
of the supergravity equations of motion. It was not until the discovery of the carriers 
of these charges known as D-branes || and their understanding in terms of perturbative 
string theory that a microscopic understanding of black holes developed. Strominger and 
Vafa in |J calculated the entropy of an extremal and BPS black hole of type IIB string 
theory compactified on K3 x S 1 . This extremal black hole was obtained by wrapping D5- 
branes along the 4-cycle of K3 and introducing momentum along the S 1 . Strominger and 
Vafa showed that the entropy calculated as the logarithm of the degeneracy of states in 
the microscopic theory corresponding to the extremal black hole agrees precisely with that 
computed from supergravity. 



1.3 The D1/D5 black hole 



A black hole solution which is BPS and has a finite area of horizon was also studied by 
Callan and Maldacena ||10||. It is a solution of type IIB string theory compactified on T 4 x S 1 



to five dimensions. This solution avoids the complication of having to deal with K3. This 
black hole will be the working model in this thesis []. We will discuss the solution in detail 
below. 

The relevant terms in the supergravity action for the solution are 



J d 10 xy/^g e- 2tt> {R - A(d<pf + ^(dB) 



2\ 



1.10) 



1287rW 4 c/2 

B denotes the Ramond-Ramond two form potential, the dilaton and g the metric. To con- 
struct the supergravity solution, we take Qs D5-branes and align them along the 5, 6, 7, 8, 9 
directions and Qi Dl-branes along the x$ direction. We then compactify the 6, 7, 8, 9 direc- 
tions on a torus T 4 of volume V4 and the X5 direction on a circle of radius R5. To obtain a 
black hole with nonzero area for its event horizon we must introduce N units of momentum 
along the x§ direction. The supergravity solution in 10 dimensions for this configuration is 
obtained by setting all the other fields of type IIB supergravity to zero and setting the fields 
in the action to the following values. 

ds 2 = f^fP(-dt 2 + dxl + k(dt-dx 5 ) 2 ) + f?fi(dxj + --- + dxl) (1.11) 



+h 2 f 5 ~ 2 {dx 2 6 + --- + dx 



9/ ' 



e" 2 ^ = ~ 2 hK\ 
9s 

B 05 = ^(/r 1 -!), 

H a bc = {dB) abc = -e a bcdddfe, a, b,c,d = 1, 2, 3, 4 
where fx, f 5 and k are given by 

fl ~ 1 + W 2 ' /5 " 1 + ^^' k ~ V 4 R 2 r* (L12) 

Here r 2 = x\ + x\ + x\ + x\ denotes the distance measured in the transverse direction to all 

the D-branes. On compactifying the above solution to 5 dimensions using the Kaluza-Klein 

1 In the rest of the thesis, we set % = 1. 



ansatz one obtains an extremal black hole with the horizon at r = but with a finite area. 
The entropy of the 5 dimensional black hole is given by 



s = 27r^/g 1 g 5 iv 



(1.13) 



This solution preserves 4 supersymmetries out of the 32 supersymmetries of type IIB theory. 
It is a BPS configuration. 

A non-extremal version of the above black hole solution can be obtained by having 
Kaluza-Klein momentum iV which is distributed along the left and right directions of X5. 
This breaks all the 32 supersymmetries. Such a solution in ten dimensions is given by the 
following background. 



-2(j> 



1+^ 



9. 

2rf 



(1.14) 



H = =Lle 3 + 2g a e- 2 +rl* 6 e 3 , 



ds 2 



9s 



1 + 



-1/2 



'1/2 



—dt + dx. 



+ -| (cosher dt + sinh adx 9 ) 2 + (lH — |J(dx§ + 



. dxs 



+ i + a 



1/2 



'•'ff' 



dr 2 + r 2 dn 2 3 



where * 6 is the Hodge dual in the six dimensions xo, ■ ■ ■ , X5 and e 3 is the volume form on the 
unit three-sphere. x 5 is periodically identified with period 2ttR 5 and directions x 6 , . . . ,Xg 
are compactified on a torus T 4 of volume V4. Q 3 is the volume of the unit three-sphere 
in the transverse directions. This solution is parameterized by six independent quantities 
- ri, r 5 , r , a, R 5 and V4. These are related to the number of Dl-branes , D5-branes and 
Kaluza-Klein momentum on x 5 as follows. 

V A f u „ V 4 rj 



Qi = 
Q 5 = 

N = 



1 



^ *e H 



16ir 4 a' 3 g s ' 



1.15) 



327r 4 a" l g 2 s 



H 



sinh 2a. 



On compactifying this solution to five dimensions using the Kaluza-Klein ansatz one obtains 
a five-dimensional black hole with a horizon at r = r . The entropy and the mass of this 
black hole is given by 

A 27r 2 r 1 r 5 r cosh 2a 

s = isr «h ' (L16) 

where the five-dimensional Newton's constant is 

47rW 

G, = — (1.17) 

We will now discuss the various limits in which physics of this black hole solution can be 
understood |L2||. As the supergravity action has a l/g s 2 prefactor the classical limit can be 
obtained by setting g s — > 0. The fields are held fixed in the classical limit. From ( |1.14 ) and 
( |1.15| ) we see that this is equivalent to 

9s - 0, (1.18) 
with^Qi, g s Q 5 , g 2 s N fixed. 

The formulae in ( |1.15| ) indicate that this is also equivalent to 

^^0, (1.19) 
with?"!, r 5 , r^v fixed. 

where = r sinh a. Hawking's semi-classical analysis of the radiation emitted by the black 
hole is valid in this limit. 

The D1/D5 black hole is a solution of the equations of motion of type IIB supergravity. 
Type IIB supergravity is the low energy effective theory of type IIB string theory. Therefore 



the classical limit (|1.18|) is described by genus zero closed string theory. In string theory for 
every genus there is an a' expansion. Closed string perturbation is valid when the typical 
length scales involved are large compared to the string length \fa' . From (|1.14|) we find the 



typical length scales involved are ri,r5,rjy. Thus the a 1 expansion is valid when ri,r5,rjy 
are large compared to string length. From ( |1.15|) this is equivalent to 



g s Q 1 » 1, g s Q 5 » 1, g 2 s N » 1 (1.20) 



The D1/D5 black hole can also be described by the constituent D-branes. D-brane 
perturbation theory involves open string loops. Open string loops have factors of g s Qi or 
9sQs, corresponding to the fact that the open string loops can end on any of the D-branes. 
Hence the classical limit ( 1 . 18| ) corresponds to a large N limit of the open string field theory. 



Perturbation theory of the large N limit of open string theory is good if 

g s Qt « 1, g s Q 5 « 1, g 2 s N « 1. (1.21) 
In the limit ( |1.21 ) the classical solution is still a black hole, though the typical size of 



this solution in the limit (|1.21|) is smaller than the string length. This is because in the 



classical limit (|1.18|) the entropy S in ( 1.16 ) diverges.lt costs an infinite amount of entropy 



for the black hole to loose any finite fraction of its mass in outgoing radiation. The second 
law thus prohibits radiation from escaping and black holes are black in the classical limit 
( |1.21| ), independent of their size. The microscopic understanding of the D1/D5 black hole 
involves understanding the D1/D5 black hole in terms of the constituent D-branes. Thus any 
calculation of a macroscopic property of the black hole like entropy or Hawking radiation in 
terms of the D-branes is valid only in the small black hole region. Surprisingly many of the 
calculations done in the limit ( |1.21[ ) agree with those done in the limit ( |1.2U| ). The reason is 
generally ascribed to some non-renormalization theorems. 

The entropy of the extremal and the near extremal black hole discussed above was derived 
in [|Tt|] using a phenomenologically motivated microscopic model. It consists of a string wound 
along the x§ direction. The string was assumed to carry the effective degrees of freedom of 
the D1/D5 black hole. The length of the string is Q1Q5-R5. The string is assumed to have 
oscillation only along the directions of the torus T 4 . It has four bosonic and four fermionic 
degrees of freedom. For an extremal black hole with N units of Kaluza-Klein momentum 
along £5 the string is excited to a level NQiQ 5 . This is necessary because of the quantization 
of the Kaluza-Klein momentum in units of 1/ -R5. The value of L —L of the string is identified 
with the Kaluza-Klein momentum of the black hole. Thus we have 

Lo Lo _ ^gigjj _ N (L22) 
Q1Q5R5 R5 







Using Cardy's formula, 

String = Z-k^NQ.Q, (1.23) 



This agrees with (|1.13|) obtained from the supergravity solution. We will call this phe- 



nomenological model the 'long string' model. 

Hawking radiation of scalars from the near-extremal black hole was understood micro- 
scopically from the long string model in [14 , |i7| . To derive Hawking radiation it was necessary 



to couple the microscopic model to various fields of supergravity. In ||14| , [15] this was done us- 
ing couplings derived from a Dirac-Born-Infeld (DBI) action of the long string. This method 
gave results which agreed with supergravity for minimal scalars. These scalars are massless 
in the black hole geometry. A detailed calculation by [[H| showed that using the long string 
as the microscopic theory for the D1/D5 black hole reproduces the Hawking rate taking into 
account of the grey body factors of the supergravity. The Hawking rate with grey body 
factor and the decay rate using the long string is given by 

T h = Tstrine = 2vr r(r 5 — — -— — (1.24) 



string 'i'6 2 e #- _ 1 e3j j_ _ 1 (27r)4 



where 



1 r e c 1 / 

Tl = = „ nn yfc (1-25) 

1 r e~ u 1 / 

Tr = -° e = Jn^ 

Ti 2r x r 5 nR 5 Q 1 Q 5 v 

The right movers of the string are excited to a level Nr and the left movers of the string are 
excited to a level N^. 

Inspite of these achievements the long string model had many short commings. As we 
will see the long string model could explain Hawking radiation of those minimal scalars 
which correspond to the metric fluctuation of the torus T 4 . In the supergravity background 
of the D1/D5 black hole there are four additional minimal scalars discussed in Chapter 2 
and Chapter 3. The long string model has no way of explaining Hawking radiation of these 
additional minimal scalars. The long string model failed to reproduce the Hawking rate 



expected in supergravity for the fixed scalars [16 . These scalars are massive in the black 



hole geometry. This suggests that the long string model along with the DBI couplings could 



i n 



not be a microscopic model for the D1/D5 black hole. In some ways the model has an ad-hoc 
nature. It does not expain why the string has to be of length Q1Q5R5. The DBI action is 
valid only for a single set of branes. Its use for the case of multiple Dl, D5-branes is at best 
a crude approximation. 

The first attempt to obtain a microscopic model for the D1/D5 black hole based on the 
low energy effective theory of the D1/D5 system was made in |T7| . It was found that the 
low energy effective degrees of freedom turn out to be that of a effective string. The fact 
that the Kaluza-Klein momenta has to be quantized in units of l/iR^QiQs) was explained 
by constructing the effective string from the infrared gauge invariant degrees of freedom of 
the D1/D5 gauge theory. However using the methods of [T1J it was difficult to obtain the 
couplings of the effective theory with the supergravity. 

1.4 Outline of the Thesis 

In this thesis we attempt to make precise the microscopic derivation of Hawking radiation 
for the D1/D5 black hole. Abstracting from the discussion in the last paragraphs of the 
previous section, the requirements for understanding Hawking radiation are: 1. Discovering 
the microscopic degrees of freedom responsible for the black hole entropy. 2. Deriving how 
these degrees of freedom couple with the fields present in the bulk of the space-time. 3. 
Explaining the process of the interaction of the bulk fields with the microscopic degrees of 
freedom to produce Hawking radiation within a unitary framework. 

The outline of this thesis is as follows. In Chapter 2, we discuss the microscopic degrees 
of freedom relevant for the D1/D5 black hole. The microscopic degrees of freedom are best 
described by first isolating the degrees of freedom for a system closely related to the D1/D5 
black hole. This system is obtained by type IIB theory compactified on T 4 with Q$ D5- 
branes wrapped on T 4 . The compact directions are xq, X?, x$, x$. The single non-compact 
direction of the D5-branes is chosen to be along the £5 direction. The Qi Dl-branes are 
also aligned along the X5 direction. The difference between the D1/D5 black hole and this 
system is that the x§ direction is not compact in the latter. The supergravity solution is 
that of a black string in six dimensions. This solution lifted to ten dimensions is given by 
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setting N = in ( p. -lip . We will call this system the D1/D5 system. 

We will study the D1/D5 system from the D-brane point of view. As we have seen before 
this is valid in the limit ( |1.21| ). size. For understanding Hawking radiation, it is sufficient 
to study the low energy effective theory of the D1/D5 system. The low energy theory of 
the D1/D5 system is a 1 + 1 dimensional supersymmetric gauge theory with gauge group 
U(Qi) x U(Q§). It has eight supersymmetries. The matter content of this theory consists 
of hypermultiplets transforming in the adjoint representation of each of the gauge groups 



and hypermultiplets transforming as bifundamentals of U(Qi) x U(Q§). We will review in 
detail the field content of this theory and its symmetries. The bound state of the Dl and 
D5-branes is described by the Higgs branch of this theory. The Higgs branch in the infrared 
will flow to a certain M = (4, 4) superconformal field theory (SCFT). The Dl-branes bound 
to the D5-branes can be considered as instanton strings of the U{Q§) gauge theory. From 
this point of view the target space of the SCFT is the moduli space of Q\ instantons of a 
U{Q§) gauge theory on T 4 . This moduli space is known to be a resolution of the orbifold 
(T^p 1 ® 5 / S{Q\Qs) which we shall denote by Ai. T 4 can be distinct from the compactification 
torus T 4 . The evidence for this is mainly topological and is related to dualities which map 
the black string corresponding to D1/D5 system to a perturbative string of Type IIB theory 
with Qi units of momentum and Q§ units of winding along the 25 direction. We will discuss 
in detail a realization of this orbifold SCFT as a free field theory with identifications. The 
symmetries of this SCFT including a new 5*0(4) algebra will also be discussed. 

In this thesis we will use the Higgs branch of the D1/D5 system, realized as a TV" = (4, 4) 
SCFT on a resolution of the orbifold A4, to provide a microscopic understanding of Hawking 
radiation from the D1/D5 black hole. The point of view adopted in this thesis is to attempt 
at a first priciple derivation of Hawking radiation from the Higgs branch of the D1/D5 
system. The long string model used by [|1^] is at best a phenomologically motivated theory. 

The complete specification of the D1/D5 system involves the specification of the various 
supergravity moduli. The supergravity solution (|1 . 1 1 ) is the solution with no moduli. We 
would like to understand what the SCFT is corresponding to the D1/D5 system at generic 
values of the moduli. To this end we construct all the marginal operators of the M = (4, 4) 
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SCFT on A4 including operators involving twist field which correspond to blowing up modes. 
We classify the marginal operators according to the short multiplets of the global part of 
the Af = (4,4) superalgebra and a new SO (A) algebra. It is known from supergravity that 
the D1/D5 bound state (Qi, Qs) with no moduli turned on is marginally stable with respect 
to decay to subsystems (Qi,Q' 5 ) and {Q'[,Q'£)- Analyzing the gauge theory of the D1/D5 
system we find that the dynamics of this splitting is described by an effective (4,4) £7(1) 
theory coupled to Q\Q'i + Q1Q5 hypermultiplets. We show, by an analysis of the D-term 
equations and the potential, that the splitting is possible only when the Fayet-Iliopoulos 



terms and the theta term of the effective gauge theory are zero [18 . 

In Chapter 3, we take the next step towards the microscopic understanding of Hawking 
radiation. We find the precise coupling of the fields of the supergravity to the microscopic 
SCFT. This is given by a specific SCFT operator 0(z, z), which couples to the supergravity 
field 6 in the form of an interaction 



S- mi = ii]d i z<t> { z,z)0(z,z) (1.26) 

where /i is the strength of the coupling. As the M = (4, 4) SCFT on M. is an "effective" 
theory of the D1/D5 system, it is difficult to fix the coupling of this theory to the supergravity 
fields. Traditionally couplings in effective theories have been fixed using the method of 
symmetries. For example, the pion-nucleon coupling in the pion model is fixed by symmetries. 
The pion IT* transforms as a 3 of the SU(2) isospin symmetry. The nucleon N transforms as 
a 2 under this 577(2). Therefore the pion-nucleon coupling consistent with this symmetry is 

£ int =# eff AVir 75 iV (1.27) 

where g e & is the strength of the pion-nucleon coupling. The operator Na lr y^N transforms as 
3 under the isospin 577(2). The 75 occurs because the pion is a pseudoscalar. The strength 
of the pion-nucleon coupling g e ff can be fixed only be appealing to the QCD, the microscopic 
theory relevant for the pion-nucleon system. In this thesis we fix the operator in the SCFT 
corresponding to the supergravity field using the method of symmetries. It is seen that in the 
near horizon limit the D1/D5 system exhibits enhanced symmetries. This is a special case 
of the AdS/CFT correspondence. The near horizon geometry of the D1/D5 system reduces 
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to that of Ad S3 x S 3 x T 4 . The AdS/CFT correspondence [15] states that string theory on 
AdS^ x S 3 x T 4 is dual to the 1 + 1 dimensional SCFT describing the Higgs branch of the 
D1/D5 system on T 4 . The radius of S 3 is 2i:a'{glQiQ^/V^) 1 ' 4 . The Kaluza-Klein modes 
on T 4 is of the order of the string length. Thus for large Q1Q5, type IIB string theory on 
AdS^ x S 3 x T 4 passes over to 6 dimensional (2, 2) supergravity on AdS$ x 5 3 . We will work 
in the supergravity limit. The evidence for this correspondence comes from symmetries. 
The isometries of AdS% correspond to the global part of the Virasoro group of the SCFT. 
The R-symmetry of the SCFT is identified with the isometry of the S 3 . The number of 
super symmetries of the bulk get enhanced to 16 from 8. These correspond to the global 
super symmetries of the M = (4, 4) superalgebra of the SCFT. Thus the global part of the 
superalgebra of the SCFT is identified with the AdS 3 xS 3 supergroup, SU(1, l|2)x 577(1, 1|2). 

Therefore a viable strategy to fix the coupling is to classify both the bulk fields and the 
SCFT operators according to the symmetries. The question then would be if this procedure 
can fix the SCFT operator required for analysing Hawking radiation. We will review the 
classification of the entire set of Kaluza-Klein modes of the six-dimensional supergravity on 
S 3 as short multiplets of 577(1, 1|2) x SU(1, 1|2) j30J. We use symmetries, including a new 
global SO (4) algebra, to identify the marginal operators constructed in Chapter 2 with their 
corresponding supergravity fields. This enables us to identify the operators corresponding 
to the minimal scalars. We show that the four of the minimal scalars which are not metric 
fluctuations of T 4 correspond to the blow up modes of the orbifold (T 4 )^ 1 ^ 5 /S(QiQ§). The 
long string model has no operators corresponding to these minimal scalars because it is not 
based on an orbifold. Therefore it cannot be the effective theory for the D1/D5 system. We 
also find the representation of the operators of the fixed scalars under the shortmultiplet 



of the supergroup SU{1, 1|2) x 577(1, 1|2) Ogl]. We show that the SCFT operators cor- 
responding to the all the fixed scalars have conformal dimension (h,h) = (2,2). The long 
string along with the DBI action predicts that the fixed scalars also couple to operators with 
dimension (1,3) and (3, 1). Hawking radiation computed from the long string model using 
(1, 3) and (3, 1) operators gave results which did not agree with that computed from super- 
gravity. Operators of dimension (2, 2) gave results which agreed with supergravity. Thus 
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this method of fixing the coupling removes the discrepancy found earlier for the fixed scalars 
using the long string model. In Chapter 4 we will see that the Hawking rate/absorption 
cross-section is determined upto a proportionality constant by the dimension of the SCFT 
operator corresponding to the supergravity field. Thus for the case of the fixed scalars we 
have detemined the Hawking rate upto a normalization constant. This constant can be de- 
termined by the same methods used for the case of the minimal scalars discussed in Chapter 
4. We compare the description of the Higgs branch of the effective U(l) gauge theory de- 
scribing the splitting of (Qi, Q5) system into subsystems in terms of Coulomb variables flll 



with the supergravity description of the splitting. We find that in both cases the splitting is 
described by a linear dilaton theory with the same background charge. 

In Chapter 4, we finally address the problem of Hawking radiation. We discuss the 
Hawking radiation of various scalars from the D1/D5 black hole. The near horizon geometry 
of the D1/D5 black hole is BTZ x S 3 x T 4 (jEJ where BTZ refers to a a black hole in three- 



dimensional Anti-de Sitter space discovered by [22]. The mass Mand the angular momentum 

J of the BTZ black hole is given by 

M - N R + N t 

T =i ° +i °=^r (L28) 

J T r N L -N R 



2R Q1Q5 
where R = 2na'(g 2 s Q 1 Q 5 /V i ) 1/ \ N L and N R £1X6 clS defined in (|1.25|) . The metric of the 



zero mass BTZ black hole is almost identical to that of AdS^ except for the identification 
of x§ with £5 + 2nR 5 . This difference leads to killing spinors which are periodic in the 25 
coordinate for the BTZ black hole and anti-periodic for the AdS%. Thus the SCFT dual to 
the BTZ is the Ramond sector of the SCFT of the D1/D5 system whereas AdS$ corresponds 
to the Neveu-Schwarz sector. The microscopic degrees of freedom for the D1/D5 extremal 
black hole are the states with L = N and L = in the Ramond sector of this SCFT. 
The number of such states agree precisely with the entropy formula ( 1.1 3| ) We argue that 



the identification of the operator O corresponding to the minimal and fixed scalars carried 
out in the Neveu-Schwarz sector remains valid in the Ramond sector of the SCFT. Only non- 
extremal black holes can Hawking radiate. The general D1/D5 black hole corresponds to a 
SCFT with Lq 7^ and Lq 7^ over the Ramond vacuum. 
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We calculate Hawking radiation of minimal scalars from the D1/D5 black hole using the 
TV = (4,4) SCFT on Ai. This is done by relating the absorption cross-section of a quanta 
to the thermal Green's function of the SCFT operator O which couples to the minimal 
scalars. The thermal Green's function is determined upto a normalization constant by the 
conformal dimensions (h, h) of the operator O corresponding to the minimal scalars. This 
method of symmetries makes it possible to derive Hawking radiation of the minimal scalars 
corresponding to the blow up modes of the orbifold M.. In the long string model there is 
no way of understanding the Hawking radiation of these minimal scalars. This is because 
these operators are not present in the action of the long string model. The method of using 
thermal Green's function of the operator O also makes it clear that upto a normalization 
constant one can understand Hawking radiation using symmetries. 

The precise matching of the Hawking rate computed from the microscopic theory and 
that computed from supergravity occurs only on fixing the strength of the coupling \i in 
( |1.26| ). Since the microscopic theory is an effective theory, the precise value of the coupling 
fi is difficult to fix. We have no first principle derivation of the strength of the coupling. 
(Note that even in the pion-nucleon model the strength of the coupling g e g could not be 
fixed by symmetries, one had to appeal to QCD, the microscopic theory relevant for the 
pion-nucleon model.) We show that consistency with the AdS/CFT correspondence fixes 
the strength so that the Hawking rate computed from the SCFT based on the orbifold M. 
and supergravity match exactly. A first principle derivation of the strength of this coupling 
from the microscopic theory of the D1/D5 system is still an open problem. To this extent a 
complete understanding of Hawking radiation is still elusive. 

We also investigate the Hawking radiation of minimal scalars for the D1/D5 black hole 
with moduli turned on. We argue that the entropy of the D1/D5 black holes is independent 
of the moduli. We show that both in the supergravity and in the SCFT the moduli does 
not modify the Hawking rate ||18|| . Recently the supergravity solutions of the D1/D5 black 
hole with moduli were constructed P5|| . It would be interesting to verify this prediction for 
Hawking rate of minimal scalars using the explicit supergravity solution. 

It is clear that the method used in this thesis relies only on the symmetry properties 



of the SCFT and the near horizon supergravity. The effective SCFT captures the essential 
symmetries required to reproduce the supergravity result. So it is not a surprise that the 
SCFT calculations of Hawking radiation done in the limit ( |1.21[ ) should match with the 
supergravity calculations done in the limit ( |1.2U| ). 
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Chapter 2 



The Microscopic Theory of the 
D1/D5 system 

In this chapter, we will focus on the microscopic description of the D1/D5 system. We will 
describe the general D1/D5 system with moduli in terms of the M = (4,4) SCFT on the 
resolved orbifold M.. We construct all the marginal operators of this SCFT including the 
blow up modes. We will provide an explicit construction of all short multiplets of single 
particle states of the M = (4,4) SCFT on the orbifold M.. We also derive an effective U(l) 
gauge theory describing the dynamics of the splitting of the D1/D5 system into subsystem 
HJ. We start by reviewing the gauge theory of the D1/D5 system in detail. 

2.1 The gauge theory of the D1/D5 system 

The gauge theory relevant for understanding the low energy degrees of freedom of the D1/D5 
system consists of the massless open string excitations attached to the various D-branes 
Consider the Q\ Dl-branes and the Q§ D5-branes of type IIB string theory in ten-dimensions 
arranged as follows. The D5-branes are extended along the directions x$, xq, xr, x$, xg and 
the Dl-branes are aligned along the x§ direction. Let us call the open strings joining the 
Dl-branes among themselves as (1, 1) strings and the strings joining the D5-branes among 
themselves as (5, 5) strings. The strings joining the Dl-branes and the D5-branes are called 
(1,5) strings or (5,1) strings according to their orientations. The boundary conditions of 
the various open strings at both ends along the various co-ordinates can be read off from the 
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following table. 

co-ordinate xq x\ x<i x% X4 x$ xq x-j x$ xg 

Qi Dl-branes NDDDDNDDDD (2.1) 

Q 5 D5-branes NDDDDNNNNN 

Here D stands for Dirichlet boundary conditions and iV stands for Neumann boundary 
conditions. The directions xq, x-?, x$, xq are compactified on a torus T 4 . 

To find the low energy degrees of freedom let us first us look at the symmetries preserved 
by this configuration of D-branes. The 5*0(1, 9) symmetry of ten-dimensions is broken down 
to SO (1,1) x SO (A) E x SO (A) 1 by the boundary conditions. The SO(A) E stands for rota- 
tions of the 1, 2, 3, 4 directions and the S0(4)j stands for rotations of the 6, 7, 8, 9 directions. 
As the 6,7,8,9 directions are compactified on the torus T 4 , the S0(4)j symmetry is also 
broken. But we can still use the SO(A)j algebra to classify states and organize fields. This 
configuration preserves eight supersymmetries out of the 32 supersymmetries of the type 
IIB string theory. Therefore the massless excitations of the various open strings can be 
organized into fields of N = 2 supersymmetry in four-dimensions. Since the size of the T 4 
is of the order of string length we can ignore the massive Kaluza-Klein modes on the T 4 . 
Therefore the low energy effective theory of the D1/D5 system is a 1 + 1 field theory with 
eight supersymmetries. We will discuss the field content of this theory as obtained from the 
various strings joining the D-branes. 

(1, 1) strings 

The fields corresponding to the massless excitations of the (1,1) strings can be obtained 
from the dimensional reduction of U(Qi) N = 1 super Yang-Mills in ten-dimensions to two- 
dimensions. The bosonic fields of this theory can be organized into the vector multiplet and 
the hypermultiplet of N = 2 theory in four-dimensions as 

Vector multiplet: A$\ , $\ (2.2) 

Hypermultiplet: Y 6 {1) , Y 7 {1) , Y 8 {1) , Y 9 (1) 

The A { o\A { ^ are the U{Q 1 ) gauge fields in the non-compact directions. The F (1) 's and (1) 's 
are gauge fields in the compact directions of the N — 1 super Yang-Mills in ten-dimensions. 
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They are hermitian Q\ x Qi matrices transforming as adjoints of U(Qi). The hypermultiplet 
of N = 2 supersymmetry are doublets of the SU(2)r symmetry of the theory. The K^'s 
can be arranged as doublets under SU(2) R as 

yv(l) _ [ N l(aa) ]_| Y 9(aS) + lY 8(la) ! ,, o , 

a ~ a ~ /v (1)t ~ } y« ' [ ' 

where a, a runs from 1, . . . , Q\. 



(5, 5) strings 

The field content of these massless open strings is similar to the the (1,1) strings except for 
the fact that the gauge group is U(Q§) instead of U(Qi). Normally one would have expected 
the gauge theory of the (5, 5) strings to be a dimensional reduction of N = 1 U(Q 5 ) super 
Yang-Mills to 5 + 1 dimensions. Since we are ignoring the Kaluza-Klein modes on T 4 this is 
effectively a theory in 1 + 1 dimensions. The vector multiplets and the hypermultiplets are 
given by 

Vector multiplet: A$, A£\ (f)f, <j>f (2.4) 
Hypermultiplet: Y 6 {5) , Y 7 (5) , Y 8 (5) , Y 9 (5) 

The A^\ are the U{Q§) gauge fields in the non-compact directions. The Y^'s and 0^ 5 ^'s 
are gauge fields in the compact directions of the N = 1 super Yang-Mills in ten-dimensions. 
They are hermitian Q 5 x Q 5 matrices transforming as adjoints of U(Q§). The hypermultiplets 
Y^'s can be arranged as doublets under SU(2)r as 

V 2(fefe) / \ I 7(bb) lI 6(bb) 



where b, b runs from 1, . . . , Q 5 . 



(1,5) and (5,1) strings 

From ( |2 . 1| ) we find that these strings have ND boundary conditions along 6, 7, 8, 9 direc- 
tions. These boundary conditions imply that the world sheet bosons x 6 , x 7 , x 8 , x 9 of the open 
string have anti-periodic boundary conditions and the world sheet fermions ip e , ip 7 , ip 8 , ip 9 are 
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periodic in the Neveu-Schwarz sector. It can be shown that the net zero point energy of the 
Neveu-Schwarz sector vanishes. Thus the massless mode is a boson transforming as a spinor 
of SO(4)j. This gives 2 2 number of bosons. The GSO projection projects out half of these 
which reduces the number of bosons to 2. The two bosons of the (1,5) strings and the 
(5, 1) strings combine to form a complex doublet transforming under the diagonal SU(2) of 
the SO {A) i. As the hypermultiplets of N = 2 theory transform as doublets under SU(2) R , 
the diagonal SU(2) of 5*0(4)/ can be identified with the SU(2) R of the gauge theory. The 
Chan-Paton factors show that they transform as bi-fundamentals of U(Qi) and U(Q§). We 
arrange these hypermultiplets as doublets of the SU {2) R symmetry of the theory as 



As an aside we note that the fermionic superpartners of these hypermultiplets which arise 
from the Ramond sector of the massless excitations of (1, 5) and (5, 1) strings carry spinorial 
indices under SO(A)e and they are singlets under SO(A)i. 

Therefore the gauge theory of the D1/D5 system is a 1+1 dimensional (4, 4) supersymmet- 
ric gauge theory with gauge group U(Qi) x U (Q5). The matter content of this theory consists 
of hypermultiplets Y^'s, Y^'s transforming as adjoints of U(Qi) and U(Q§) respectively. 
It also has the hypermultiplets x' s which transform as bi-fundamentals of U(Qi) x U(Qs). 

We will now show that this gauge theory has the required degrees of freedom to describe 
the entropy of the extremal D1/D5 black hole. The D1/D5 bound state is described by the 
Higgs branch of this gauge theory. The Higgs branch is obtained by giving expectation values 
to the hypers. This makes the vector multiplets massive. For a supersymmetric vacuum the 
hypers take values over the surface which is given by setting the superpotential of the gauge 
theory to zero. Setting the superpotential to zero imposes two sets of D-flatness conditions 
corresponding to each of the gauge groups U(Q±) and U(Q 5 ). The D-terms for the gauge 
group U(Qi) is given by 




(2.6) 



A ai A* a ,- b - B w B* b - a + [N^M^U - [iV 2 (1) , N^U, = 

A al B b - a , + [N^\N^] a - al = Q 



(2.7) 



While the D-terms of the gauge group U(Q$) are 

A*A% - B ba B* bla + [ivf \ N[ 5 \- b , - [N® , Ni 5 \- b , = (2.8) 

A all B b - a + [N[ 5) ,Ni\- b , = 

where a' runs from 1, . . . , Q\ and b' runs from 1, . . . , Q§. 

The total number of bosonic degrees of freedom from all the hypermultiplets is 

AQj + AQl + AQ.Q, (2.9) 

The first equation in Q2.7|) is real and the second equation in (|2.7| ) is complex. The total 
number of constraints imposed by Q2.7|) is 3Q\. Similarly the set of D-term equations in (|2.8p 
imposes 3Qf constraints. Equations (|2.7| ) and ( |2.8| ) have the same trace parts corresponding 
to the vainishing of U(l) D-terms, namely, 

A ab A* al -B b - a Bl- a = (2.10) 

which are three real equations. Therefore, the vanishing of D-terms imposes ?>Q\ + 3Q\ — 3 
constraints on the fields. One can use the gauge symmetry U(Qi) and U{Q^) to remove 
another Q\ + Q\ — 1 degrees of freedom. The number of degrees of freedom fixed by the 
gauge symmetry is less than the number of generators of U(Qi) and U{Q^) by one. This 
is because all the hypermultiplets are invariant under the diagonal U{1) of U(Qi) x U(Q 5 ). 
After gauge fixing, the number of gauge invariant bosonic degrees of freedom to parameterize 
the moduli space is 4(QiQ 5 + 1). 

We are interested in low energy black hole processes so it is sufficient to study the SCFT 
of the Higgs branch. The SCFT will have M = (4, 4) SUSY with central charge G(Q±Q5 + 1) 
on a target space M.. To find the microstates corresponding to the extremal D1/D5 black 
hole we look for states with Lq = N and Lq = 0. The assymptotic number of distinct states 
of this SCFT given by Cardy's formula 

Q = exp(27ry / g 1 g 5 AT) (2.11) 
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From the Boltzmann formula one obtains 

S = 2^Q 1 Q< i N (2.12) 
This exactly reproduces the Bekenstein-Hawking entropy ( |1.13| ) of the extremal D1/D5 black 



hole. 

2.2 The instanton moduli space 

In the previous section we found that the Higgs branch of the gauge theory of the D1/D5 
system flows in the infrared to M = (4, 4) SCFT on a target space Ai with central charge 
QQiQb- For black hole processes like Hawking radiation it is important to know the target 
space Ai. In this section we review the arguments which show that the target space Ai is a 
resolution of the orbifold (T 4 )® 1 ® 5 / ' S{Q\Q^). (T 4 can be different from the compactification 
torus T 4 .) 

The Qi Dl-branes can be thought of as Q\ instantons in the 5 + 1 dimensional U{Q§) 
super Yang-Mills theory of the Q§ D5-branes [|]]. To see this note that the DBI action of 
the D5-branes have a coupling 

J (fx C (2) A Tr[F (5) A F (5) ] (2.13) 

The non-trivial gauge configurations which are independent of x°, x 5 and have zero values of 
4 5) and 4 5) but non-zero values of Tr[F^ 5) A F&] act as sources of the Ramond-Ramond 

(2) 

two- form Cq5 . If these gauge field configurations have to preserve half the supersymmetries 
of the D5-brane action they should be self dual. Thus they are instanton solutions of four- 
dimensional Euclidean Yang-Mills of the 6, 7, 8, 9 directions. 

Additional evidence for this comes from the fact that the integral property of Tr[F^ 5 ^ A 
F^] corresponds to the quantization of the Dl-branes charge. The action for a Q\ instanton 
solution is QxIqym- This agrees with the tension of Qi Dl-branes, namely Q\/g s - If one is 
dealing with non-compact D5-branes and Dl-branes it is seen that the D-flatness conditions 
of the Dl-brane theory is identical to the ADHM construction of Q\ instantons of U(Q§) 
gauge theory p. 



From the discussion in the preceding paragraphs we conclude that M. the target space of 
SCFT can be thought of as the moduli space of Q\ instantons of a U(Q 5 ) gauge theory on 
T 4 . This moduli space is known to be the Hilbert scheme of Q1Q5 points on T 4 ||. T 4 can 
be different from the compactification torus T 4 . This is a smooth resolution of the singular 
orbifold (T 4 )^ 1 ^ 5 / S{Q\Qs). We will provide physically motivated evidence for the fact that 
the moduli space of Qi instantons of a U(Q§) gauge theory on T 4 is a smooth resolution 
of the orbifold (T 4 )® 1 ® 5 / S(QiQ 5 ) using string dualities. The evidence is topological and it 
comes from realising that the cohomology of M. is the degeneracy of the ground states of 
the D1/D5 gauge theory. We can calculate this degeneracy in two ways. One is by explicitly 
counting the cohomology of (T 4 )® 1 ® 5 / S(QiQ 5 ) ]?J. The second method is to use string 
dualities as discussed below. Both these methods give identical answers. Thus at least at 
the level of cohomology we are able to verify that the moduli space is (T 4 )® 1 ® 5 / S(QiQs). 

Consider type IIB string theory compactified on S 1 x T 4 with a fundamental string 
having Q 5 units of winding along x 6 and Qi units of momentum along x 6 . On performing 
the sequence of dualities ST e789 ST 56 we can map the fundamental string to the D1/D5 
system (we can de-compactify the x 5 direction finally) with Qi Dl-branes along x 5 and Q5 
D5-branes alone; 9 ||. Therefore using this U-duality sequence the BPS states 

of this fundamental string (that is, states with either purely left moving or right moving 
oscillators) maps to ground states of the D1/D5 system. The number of ground states of the 
D1/D5 system is given by the dimension of the cohomology of M.. From the perturbative 
string degeneracy counting the generating function of BPS states with left moving oscillator 
number Nl is given by 

£ d(N L )q^ = 256 xU ±±iL (2.14) 

N L =o n=l V 1 " / 

where d(Ni) refers to the degeneracy of states with left moving oscillator number Nl. The 
D1/D5 system is U-dual to the perturbative string with Nl = QiQs- 

Explicit counting of the cohomology of Ai gives d(QiQr,)/256. The factor 256 comes 
from quantization of the center of mass coordinate along 1, 2, 3, 4 directions and the 6, 7, 8, 9 
directions. The center of mass coordinate is represented by the relative U(l) of U(Q\) x 
U (Q5). Therefore the low energy theory of the bound D1/D5 system is a SCFT on the target 

9fi 



space 

R 4 xT 4 x (T 4 ) QlQ5 /S(QiQ 5 ) (2.15) 
From now on we will suppress the center of mass coordinate and M. will denote 

(f i ) QlQ5 /S(Q l Q 5 ) (2.16) 

2.3 The SCFT on the orbifold M 

The M = (4, 4) SCFT on M. is described by the free Lagrangian 

S = ^Jd 2 z [dx A dx i>A + ^ A (z)B^ A (z) + (2.17) 

Here % runs over the T 4 coordinates 1,2,3,4 and A = 1,2,..., Q1Q5 labels various copies 
of the four-torus. The symmetric group S(QiQ 5 ) acts by permuting the copy indices. It 
introduces various twisted sectors which we will discuss later. The free field realization of this 
SCFT has M = (4,4) superconformal symmetry. To set up our notations and conventions 
we review the M = 4 superconformal algebra. 

2.3.1 The J\f = 4 superconformal algebra 

The algebra is generated by the stress energy tensor, four supersymmetry currents, and a 
local SU(2) R symmetry current. The operator product expansions(OPE) of the algebra 
with central charge c are given by (See for example 0.) 

m/ s™, \ dT(w) 2T(w) c , n ^. 

z — w z — w [z — w) 2 3{z — w) 6 

AgAjk jk n 

J\z)J\w) -- 
T{z)G a (w) -- 
T(z)G a \w) -- 
T(z)JHw) = 



+ 

z — w 


I2(z- w) 2 ' 


dG a (w) 


3G a (z) 


— -f 

z — w 


2(z-w) 2 ' 


dG a ^{w) 


2>G a \z) 


z — w 


f 2{z -w) 2 


dJHw) 
— + 


J 1 



z — w (z — w) 
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2(z-w) 

Here T{z) is the stress energy tensor, G a (z), G b ^(z) the SU(2) doublet of supersymmetry 
generators and J 1 (z) the SU(2) R symmetry current. The a's stand for Pauli matrices and 
the it's stand for the complex conjugates of Pauli matrices. In the free field realization 
described below, the above holomorphic currents occur together with their antiholomorphic 
counterparts, which we will denote by J(z), G(z) and T(z). In particular, the R-parity group 
will be denoted by SU(2) R x SU(2) R . 

2.3.2 Free field realization of M = (4, 4) SCFT on the orbifold M 

A free field realization of the M = 4 superconformal algebra with c = 6Q1Q5 can be con- 
structed out of Q1Q5 copies of four real fermions and bosons. The generators are given 
by 

T(z) = dx A {z)dx\{z) + U> A {z)d¥ A {z)- l -d^ A {z)¥ A {z) (2.19) 



We will use the following notation for the zero mode of the R-parity current: 

J k = \ I ^A{z)a^\{z) (2.20) 
In the above the summation over A which runs from 1 to Q1Q5 is implied. The bosons X 
and the fermions \1/ are 



X A (z) = (X\(z),X 2 A (z)) = Jl/2(x\(z) + ix 2 A (z),x A (z) + ix A (z)), (2.21) 



v-t ( 7 \ ( X\\z)\_ JT ( x\(z) - ix\(z) \ 

A) ~ \ * 2a Kz) ^ A (z)-i^ A (z) ) 
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2.3.3 The 50(4) algebra 

In addition to the local R symmetry the free field realization of the M = 4 superconformal 
algebra has additional global symmetries which can be used to classify the states. There are 
2 global 577(2) symmetries which correspond to the SO (A) rotations of the 4 bosons x l . The 
corresponding charges are given by 



1 f dz _ „■„_.+ 1 f dz 



P = x A o l dX\ - - / —dX A a l X 



Here 



4J 2ni A A J 2m 



x A = (x\, -x%) *t = ( 



®a = (*\, *5) ^ = ( * J • (2.23) 
These charges are generators of S77 (2) x S77 (2) algebra: 

[r i ,Ii}=te^ k I k 1 [P 2 Jl]=i^ k I k 2 (2.24) 
ft, 3'] = o 

The commutation relation of these new global charges with the various local charges are 
given below 

[Il,G a (z)] = [Il,G a \z)]=0 (2.25) 
[ij,T(z)] = [Il,J(z)] = 
[P 2 ,G a (z)] = \g\z)ai a [llG a \z)\ = -\a\ b Q h \z) 
[P 2 ,T(z)] = [4 ■/(*)] = 

where 

g = {G\G 2 ^) ^ = {%^j ( 2 - 26 ) 

The following commutations relation show that the bosons transform as (2, 2) under 
SU(2) h x SU(2) h 

= \x\< ft, *?] = (2-27) 

1 1 

ft, X a\ = 2 X A a la ft, X A ] = -^ab^A 
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The fermions transform as (2, 1) under SU(2)j 1 x SU(2)j 2 as can be seen from the commu- 
tations relations given below. 

[Il n\ = \&a°L M. *2l = (2-28) 

[P 2 ^ a }=0 [r 2 ^ a ] = o 

We are interested in studying the states of the XT = (4, 4) SCFT on A4. The classification of 
the states and their symmetry properties can be analyzed by studying the states of a free field 
realization of a M = (4,4) SCFT on R 4 ® 1 ® 5 / 'S(Q\Q§) . This is realized by considering the 
holomorphic and the anti-holomorphic Af = 4 superconformal algebra with c = c = QQ1Q5 
constructed out of Q1Q5 copies of four real fermions and bosons. So we have an anti- 
holomorphic component for each field, generator and charges discussed above. These are 
labelled by the same symbols used for the holomorphic components but distinguished by a 
tilde. 

The charges I\,l2 constructed above generate 5*0(4) transformations only on the holo- 
morphic bosons Xa(z). Similarly, we can construct charges I±,l2 which generate 50(4) 
transformations only on the antiholomorphic bosons Xa(z). Normally one would expect 
these charges to give rise to a global 50(4)/^ x SO(^) antiho i symmetry. However, the kinetic 
term of the bosons in the free field realization is not invariant under independent holomorphic 
and antiholomorphic 50(4) rotations. It is easy to see, for example by using the Noether 
procedure, that there is a residual 50(4) symmetry generated by the charges 

Jj = h + h Ji = h + h (2.29) 

We will denote this symmetry as 50(4)/ = SU{2) I x SU(2)j, where the 577(2) factors are 
generated by J/, Jj. These charges satisfy the property that (a) they correspond to 50(4) 
transformations of the bosons Xa{z, z) = Xa{z)+Xa{z) and (b) they fall into representations 
of the Af = (4, 4) algebra (as can be proved by using the commutation relations ( |2.27| ) of the 
J's). The bosons X(z,z) transform as (2,2) under SU(2)j x SU(2) r 



2.3.4 The supergroup 577(1, 1|2) 

The global part of the M = 4 superconformal algebra forms the supergroup 577(1, 1|2). Let 
L±,o, J^'^'^ be the global charges of the currents T(z) and J R {z) and G^ 2 _ x , 2 the global 
charges of the supersymmetry currents G a (z) in the Neveu-Schwarz sector. From the OPE's 
( p.!8| ) we obtain the following commutation relations for the global charges. 

[L , L±] = TL± [Li, L_ x \ = 2L (2.30) 

{Gy 2 , G b \/ 2 } — 2<5 ab L + 2a l ab J R 

{G-i/2, Gy 2 } = 25 ab L - 2<j l ab J R 

[jf,4P] = u# k jg 

[Lq, G±y 2 ] = ^2^1/2 [-^0, ^±l/ 2 ] - 

[L + ,G? /2 ] = [L_,G» 1/2 ] = 

[L_,G^ 2 ] = — G a _ X j 2 [L + ,G" 1 / 2 ] = G"/ 2 

[L+,G*} 2 ] = [L_,G?} 2 ] = 

f r /^ a t 1 _ (~ia r r ^af i _ 

[L,-, Lry 2 \ - -Cj_ 1/2 L-^+i tjr -l/2J ~ ^1/2 



'r ^±1/21 - 2 ± 1 / 2 ^ > \- R '^±1/2! ~~ ~2 ±1/2 



The above commutation relations form the algebra of the supergroup SU(1, 1|2). The global 
part of the M = (4, 4) superconformal algebra form the super group SU (1, 1|2) x 577(1, 1|2). 

2.4 Short multiplets of 577(1, 1|2) 

The representations of the supergroup SU(1,1\2) are classified according to the conformal 
weight and SU(2) R quantum number. The highest weight states |hw) = \h,j R , j R = j R ) 
satisfy the following properties 

Li|hw) = L |hw) = h\hw) (2.31) 
4 +) |hw) = 4 3) |hw) =j R \hw) 
G? /2 |hw) = Gf /2 \hw) = 
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where J R = J^ 1 + iJ R 2 ^ ■ Highest weight states which satisfy G 2 ^ , 2 |fiw) = 0, G^^hw) = 
are chiral primaries. They satisfy h = j. We will denote these states as |hw)s. Short 
multiplets are generated from the chiral primaries through the action of the raising operators 
J-,G 1 \^ 2 and G ,2 1 ^ 2 . The structure of the short multiplet is given below 

States j L Q Degeneracy 

|hw) s h h 2h + l 

Gi t 1/2 |hw) 5 ,G'2 |hw) 5 h-1/2 h + 1/2 2h + 2h = Ah ( 2 ' 32 ) 



1/2 l iivv ' w — 1/2 1 
1/2^-1/2 



G% 2 G 2 _ 1/2 \hw) s h-1 h + 1 2h-l 



The short multiplets of the supergroup 577(1, 1|2) x SU(1, 1|2) are obtained by the tensor 
product of the above multiplet. We denote the short multiplet of SU(1, 1|2) x SU(1, 1\2) as 
(2h + 1, 2h' + l)s- These stand for the degeneracy of the bottom component, the top row in 
( p.32j ). The top component of the short multiplet are the states belonging to the last row in 
( |2.32| ). The short multiplet (2, 2)§ is special, it terminates at the middle row of (|2.32|) . For 



this case, the top component is the middle row. These states have h = h = 1 and transform 
as (1, 1) of SU(2) R x SU(2) R . There are 4 such states for each (2, 2)s- 

2.5 The resolutions of the symmetric product 

We would like to discuss D1/D5 systems with various moduli turned on. To do this we will 
construct marginal operators of the M = (4, 4) SCFT on the symmetric product orbifold M.. 
We will find the four operators which correspond to resolution of the orbifold singularity. 

2.5.1 The untwisted sector 

Let us first focus on the operators constructed from the untwisted sector. The operators of 
lowest conformal weight are 

^ A (z)¥ A (z) (2-33) 

where summation over A is implied. These four operators have conformal dimension (h, h) = 
(1/2, 1/2) and = (1/2, 1/2) under the R-symmetry SU(2) R x SU(2) R . Since (h, h) = 



UriJr)) these operators are chiral primaries and have non-singular operator product expan- 
sions (OPE) with the supersymmetry currents G 1 (z), G 2 ^(z), G 1 (z) , G 2 ^ (z) . These properties 
indicate that they belong to the bottom component of the short multiplet (2, 2)§. Each of 
the four chiral primaries gives rise to four top components of the short multiplet (2,2)s- 
They are given by the leading pole ((z — — w)^ 1 ) in the OPE's 

G 2 (z)G 2 (z)V( Wl w) G 2 (z)G^(z)V(w,w) (2.34) 
G^(z)G 2 (z)V(w, w) G 1 \z)G l \z)V{w, w) 



where V stands for any of the four chiral primaries in (|2.33| ). From the superconformal 



algebra it is easily seen that the top components constructed above have weights (1,1) and 
transform as (1, 1) under SU{2) R x SU(2) R . The OPE's ( ggg ) can be easily evaluated. We 
find that the 16 top components of the 4(2, 2)§ short multiplets are dx A dx J A . 

We classify the above operators belonging to the top component according to represen- 
tations of (a) the 50(4)/ rotational symmetry of the T 4 , (The four torus T 4 breaks this 
symmetry but we assume the target space is R 4 for the classification of states) (b) R sym- 
metry of the SCFT and (c) the conformal weights. As all of these operators belong to the 
top component of (2,2)§ the only property which distinguishes them is the representation 
under 5*0(4)/. The quantum numbers of these operators under the various symmetries are 



Operator SU{2)j x SU{2) I SU{2) R x SU{2) R {h,h) 

dx A \z)dx j A \z) - \5 ij dx k A (z)dx A (z) (3,3) (1,1) (1,1) 

dx [ i(z)B4(z) ' (3,1) + (1,3) (1,1) (1,1) 

dx A (z)dx A (z) (1,1) (1,1) (1,1) 



Therefore we have 16 marginal operators from the untwisted sector. As these are top compo- 
nents they can be added to the free SCFT as perturbations without violating the M = (4, 4) 
sup er symmet ry. 

2.5.2 Z2 twists. 

We now construct the marginal operators from the various twisted sectors of the orbifold 
SCFT. The twist fields of the SCFT on the orbifold A4 are labeled by the conjugacy classes 
of the symmetric group S(QiQ 5 ) PO|,PT|. The conjugacy classes consist of cyclic groups of 
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various lengths. The various conjugacy classes and the multiplicity in which they occur in 
S{QiQs) can be found from the solutions of the equation 

Y / nN n = Q 1 Q 5 (2.36) 

where n is the length of the cycle and N n is the multiplicity of the cycle. Consider the 
simplest nontrivial conjugacy class which is given by N\ = Q1Q5 — 2, N 2 = 1 and the rest of 
N n = 0. A representative element of this class is 

(Xx — > X 2 , X 2 — > Xx), X 3 — > X 3 , . . . , X Qi q 5 — > X Qi q 5 (2.37) 

Here the X^'s are related to the x^'s appearing in the action (|2.17|) by (|2.21|) in. 

To exhibit the singularity of this group action we go over to the following new coordinates 

X cm = Xx + X 2 and = Xx - X 2 (2.38) 

Under the group action ( p. 37] ) X cm is invariant and — > —(f). Thus the singularity is locally 
of the type R A /Z 2 . The bosonic twist operators for this orbifold singularity are given by 
following OPE's [ITS 



d<p\z)a\w,w) = ( v ]J /9 d<p l \z)o-\w,w) = i (2-39) 
d(j) 2 (z)a 2 (w, w) 
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{*- 
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V? w) 




- W )l/2 


r' 1 


(u>, tZ;) 






r' 2 


(w, w) 



r 



(w, w) 



(*- 


- V}) 1 / 2 


r' 2 ( 


>,u>) 




- W )l/2 




(ww) 


(z- 


-iD)V2 


r 2 ( 


w, w) 




-w) 1 ' 2 



d(j) 1 (z)a 1 (w J w) = — ^— 7^ 90 lt (2)(T 1 (w;, w) 

{Z — W) l/Z 

dft(z)a 2 (w,w) = , r/2(W \T/l <90 2t (z)a>,«;) 
(2; — w) i/z 

The r's are excited twist operators. The fermionic twists are constructed from bosonized 
currents defined by 

x \z) = X 1] (z) = e~ iHl{z) (2.40) 



Where the x's, defined as ^1 — ^> 2 , are the superpartners of the bosons 0. 



From the above we construct the supersymmetric twist fields which act both on fermions 
and bosons as follows: 

} = a\z, z)a 2 (z, ^^W^-^W^iS 1 ^)/^-^^-)^ (241) 
S^p } = a 1 (^z)cr 2 (^^)e^ 1 W/ 2 e- 4H2 W/ 2 e-^ 1 ^/ 2 e i52 ( 2 )/ 2 

Sjii^ 1 = a 1 (v> 2 (v>- i5l (*e^^e- i5l «/ 2 e +i? ^^ 



The subscript (12) refers to the fact that these twist operators were constructed for the 
representative group element ( [2.37|) which exchanges the 1 and 2 labels of the coordinates of 



T 4 . The superscript stands for the quantum numbers. The twist operators for the 

orbifold M. belonging to the conjugacy class under consideration is obtained by summing 
over these Z2 twist operators for all representative elements of this class. 



£(U)= £ J2 (2-42) 

i=l j=l,j^i 

We can define the rest of the twist operators for the orbifold in a similar manner. The 
conformal dimensions of these operators are (1/2, 1/2). They transform as (2, 2) under the 
SU(2)r x SU(2) R symmetry of the SCFT. They belong to the bottom component of the short 
multiplet (2, 2)g. The operator £(2' 2) is a chiral primary. As before the 4 top components 
of this short multiplet, which we denote by 

T(ii), T { ^~\) (2.43) 

are given by the leading pole in the following OPE's respectively 

G\z)G 2 {z)Y,^\w,w), G 2 (z)G^(z)^>^(w,w), (2.44) 
G ljf (z)G 2 (z)Z& &(w, w), G 1 \z)G l \z)^ *\w, w) 

These are the 4 blow up modes of the -R 4 /^ singularity ]l4j and they have conformal 

weight (1, 1)Q. They transform as (1, 1) under the SU(2)r x SU(2)r. As before, since these 
1 Relevance of Z2 twist operators to the marginal deformations of the SCFT has earlier been discussed in 



are top components of the short multiplet (2, 2)s they can be added to the free SCFT as 

perturbations without violating the Af = (4, 4) supersymmetry of the SCFT. The various 

quantum numbers of these operators are listed below. 

Operator (fj 3 )j SU(2) R x SU(2) R (h,h) 

Tfa = T&to (0,1) (1,1) (1,1) 

7j ) = r(i4) + rH.|) (o,o) (1,1) (1,1) (2.45) 

3?_ 1) = r(-i.-i) (0,-1) (1,1) (1,1) 

r o = T( _i,_i) _ T (-i,-|) (0;Q) 

The first three operators of the above table can be organized as a (1,3) under SU(2)j x 
SU{2)j. We will denote these 3 operators as T . The last operator transforms as a scalar 
(1, 1) under SU{2)i x 377(2) j and is denoted by T°. The simplest way of figuring out the 
{j 3 yj 3 )i quantum numbers in the above table is to note that (a) the ^-operators of fl2.41|) 



are singlets under SU(2)j x SU(2) D as can be verified by computing the action on them of 
the operators 1%, I 2 and Ii, I 2 , (b) the T-operators are obtained from E's by the action of the 
supersymmetry currents as in ( |2.44| ) and (c) the quantum numbers of the supersymmetry 
currents under 1%, I 2 and I\, I 2 are given by Q2.25 ). 



2.5.3 Higher twists 

We now show that the twist operators corresponding to any other conjugacy class of S(QiQ§) 
are irrelevant. Consider the class with N\ = Q1Q5 — 3, A^3 = 1 and the rest of N n = 0. A 
representative element of this class is 

{Xi X 2 , X 2 X 3 , X 3 — > Xi), X 4 — > X 4 , . . . , Xq iQ5 — > Xq iQ5 . (2.46) 

To make the action of this group element transparent we diagonalize the group action as 
follows. 

/ 01 \ /ll 1 \ f X l 



2 = 1 co lo 2 \\ X 2 j (2.47) 
V h J \ 1 oj 2 u A ) \ X 3 

where u = exp(27ri/3). These new coordinates are identified under the group action ( p.46|) 



4>i —> 0i, 4>2 uj 2 <p 2 and 03 — > c<;03. These identifications are locally characteristic of the 
orbifold 

R A x R A /u x R 4 /lu 2 (2.48) 



The dimension of the supersymmetric twist operator which twists the coordinates by a phase 
e 2mk/N j n 2 complex dimensions is h(k, N) = fc/iV ||12|| . The twist operator which implements 



the action of the group element ( |2.46| ) combines the supersymmetric twist operators acting 
on (f>2 and 03 and therefore has total dimension 

h = h(l,3) +h{2,3) = 1/3 + 2/3 = 1 (2.49) 

It is the superpartners of these which could be candidates for the blow up modes. However, 
these have weight 3/2, These operators are therefore irrelevant. 

For the class N\ = Q1Q5 — k , Nk = k and the rest of N n = 0, the total dimension of the 
twist operator is 

k-l 

h = X>(i,fc) = (k- l)/2 (2.50) 

i=l 

Its superpartner has dimension k/2. Now it is easy to see that all conjugacy classes other 
than the exchange of 2 elements give rise to irrelevant twist operators. Thus the orbifold 
M. is resolved by the 4 blow up modes corresponding to the conjugacy class represented by 
Q2.37Q . We have thus identified the 20 marginal operators of the M = (4,4) SCFT on T 4 . 
They are all top components of the 5(2, 2)g short multiplets. The 5(2, 2)g have 20 operators 
of conformal dimensions (h, h) = (1/2, 1/2). These are relevant operators for the SCFT. It 
would be interesting to investigate the role of these relevant operators. 

2.6 The chiral primaries of the Af = (4, 4) SCFT on M 

In this section we will explictly construct all the chiral primaries corresponding to single 
particle states of the SCFT on the orbifold A4. For this purpose we will have to construct 
the twist operator corresponding to the conjugacy class Ni = Q1Q5 — k, N k = k and the rest 
of N n = 0. 

2.6.1 The k-cycle twist operator 

We will extend the method of construction of the 2-cycle twist operator of Section |2.5.2| 
to the construction of the k-cyle twist operator. Consider the conjugacy class given by 
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N\ = Q1Q5 — k, Nk = k and the rest of N n = 0. A representative element of this class is the 
following group action 



[Xi — > X 2 , . . . , X k — > Xi),X, 



k+l —> X k+ i, . . . , Xq 



X c 



(2.51) 



We can diagonalize the group action as follows 



4>k \ 
k-2 



( 1 
1 
1 



LO LO' 



LO LO' 



LO 



1 

2(fc-l) 



\ { Xi \ 

x 2 
x 3 



w (fc-i)(fc-i) ) \x k j 



(2.52) 



where u; = e 2n ^ k . These new coordinates are identified under the group action Q2.51 ) as 



ife_i -> to k Vfe-i) 0fc — ► ^Vfc 



(2.53) 



These identifications are locally characteristic of the orbifold 



?4 /, ,fc-l 



i? 4 x i? 4 /^ x R a /lo 2 x ... x i? 4 /u; 



(2.54) 



The coordinate m is twisted by the phase uo m ( m runs from 1 . . . k). The bosonic twist 
operators corresponding to this twist are defined by the following OPE's 



9<P m (.z)<r m (w,w) 



(z - w ) l - m / k 



(z — w) 



l—m/k 



n / — \ 1 / -x T 'liw,w) 
W)v m \ w > w ) = — — ~wfc 



dtf m {z)a 2 m {w,w) 



[z — w) 



[z — w 



\m/k 



d4> l i{z)(T l m {w,w) 
d^ 2 l{z)(T 2 m {w,w) 



[z - w) m l k 
[z - w) m / k 



(2.55) 



(z - w) l - m / k 



(z - w) l - m l k 



As in Section [2.5.2| t's are excited twist operators. The fermionic twists are constructed from 
bosonized currents defined by 



Xl(z) = 



X m \ Z ) = e 



Xll(z) 

Xm( Z ) 



-iHl(z) 



(2.56) 



Where the Xm's are the superpartners of the bosons m 's. The twist operators corresponding 
to the fermions Xm's are given by e ±imH m,/ k , 

We now assemble all these operators to construct the k-cycle twist operator which is a 
chiral primary. The k-cycle twist operator is given by 
fc-i 

^[12 ^k) ~ II [ al ^)°" 2 ( z ' z)e imH ^ z ^ k e~ imH ^ z ^ k e im ^^ 2 ^ k e~ im ^^^ k (2.57) 

m=l 

The subscript (12 ... k) refers to the fact that these twist operators were constructed for 
the representative group element ( |2.51| ) which cyclically permutes the 1, . . . , k labels of the 
coordinates of T 4 . The superscript (k — l)/2 stands for the conformal dimension of this 
operator. As we saw in Section [2.5.3| the conformal dimension of the twist operator for the 
conjugacy class N\ = QiQ^—k, = k and the rest of N n = is (h, h) = ((k—l)/2, (/c—l)/2). 
The twist operator for the conjugacy class under consideration is obtained by summing over 
the k-cycle twist operators for all representative element of these class. 

^ k -^(z,z)= £ ( 2 - 58 ) 

{U,—,ik} 

where the sum runs over all fc-tuples {ii . . . , 4} such that ^ i 2 ^ ■ ■ ■ ^ ik- i m take values 
from 1 to Q1Q5. The operator E^ -1 ^ 2 is a chiral primary with conformal dimension (h, h) = 
({k - l)/2, (k - l)/2) and (j 3 R ,j 3 R ) = {{k - l)/2, (k - l)/2). As the largest cycle is of length 
Q1Q5, the maximal dimension of the k-cycle twist operator is {{Q1Q5 — l)/2, {Q1Q5 — l)/2). 
It belongs to the bottom component of the short multiplet (k, k)s- The other components of 
the shortmultiplet (k, k)§ corresponding to the k-cycle twists can be generated by the action 
of supersymmetry currents and the R-symmetry currents of the M = (4, 4) theory on M.. 

2.6.2 The complete set of chiral primaries 



We have seen is Section p75| there are five chiral primaries corresponding to the shortmultiplet 
5(2, 2) s- In this section we will construct the complet set of chiral primaries from single 
particle states of the SCFT on Al. It is known that the chiral primaries with weight (h, h) 
of a M = (4, 4) superconformal field theory on a manifold K correspond to the elements of 
the cohomology 71.2h2h(K) 10 ■ ^ e chiral primaries are formed by the product of the chiral 



primaries corresponding to the cohomology of the diagonal T 4 denoted by B 4 (the sum of 

3Q 



all copies of T 4 ) and the various k-cycle chiral primaries constructed in Section |2.6.1| . We 
will list the chiral primaries below 
Chiral primaries with h — h = 

All the k-cyle chiral primaries have h — h — 0. To construct chiral primaries with 
h — h = we need the four chiral primaries which correspond to the cohomology 7in(B A ) 
with weight (1/2, 1/2). They are given in ( |2.33| ). Using this we can construct the following 



chiral primaries 

^ k -^ 2 (z, z)*\{z)*\(z) TP-V^z, z)^ A (z)¥ A \z) (2.59) 
z)^l(z)& A (z) z)* 2 2(z)¥2(z) 

where summation over A is implied. These four operators have conformal dimension (k/2, k/2). 
There is one more chiral primary corresponding to the cohomology 7^22 (B A ) for which 
h — h = 0. It is given by 

9 A (zM(z)¥ A (z)¥2(z) (2.60) 

where summation over all indices of A is implied. This chiral primary corresponds to the top 
form of B 4 . The cohomology 7ioo(-B 4 ) gives rise to a chiral primaries of conformal dimension 
(k/2, k/2). It is given by 

E (*-W»( Z , 2)*i(z)*3(z)fi(f (2.61) 

From the equation above we see that these chiral primaries exist only of k > 2. Finally we 
have the chiral primary S^ fc ^ 2 (z, z) of conformal dimension (k/2, k/2). Thus for k > 2 and 
k < QiQb — 1 there are 6 chiral primaries of dimension (k/2, k/2) 

The complete list of chiral primaries with (h, h) with h — h = corresponding to single 
particle states are given by 

(h, h) Degeneracy 

(1/2,1/2) 5 
(1,1) 6 

(3/2,3/2) 6 (2.62) 

((QiQs - l)/2, (QxQs - l)/2) 6 
((QiQ 5 )2,(QiQi)/2) 5 
((QiQ5 + l)/2,(QiQ5 + l)/2) 1 



In the above table we have ignored the vacuum with weight (h, h) = (0, 0). 
Chiral primaries with h — h = 1/2 

The ciral primaries of B 4 which correspond to the elements of the co homology 7i\o(B 4 ) 
are given by 

QiQs Q1Q5 

E ^d £ **(z) (2.63) 

A=l A=l 

We can construct chiral primaries with weight ((k + l)/2,fc/2)) by taking the product of 
the above chiral primaries with the twist operator S fc//2 (z, z). These give the following chiral 
primaries 

E fc / 2 CM) E and E*/ 2 (z,S) £ 5 *3(z) (2.64) 

A=l A=l 

The chiral primary of the diagonal B 4 which correspond to the elements of the cohomology 
H 2 i(B 4 ) are 

¥ A (z)m 2 }(z)¥ A (z) and 9 1 A (zM(z)**[(z) (2.65) 

Here summation over all the three indices of A is implied. From these the one can construct 
chiral primaries with weight ((k + l)/2, k/2) are follows 

tf k -VI\z,z)V\{z)^(z)V\{z) and E^- 1 )/^^, z)^\{z)^ A \z)^! A \z) (2.66) 

Therefore there are 4 chiral primaries with weight ((k + l)/2, fc/2) for 1 < k < (Q1Q5 — 1) 
and 2 chiral primaries with weight ((Q1Q5 + 1)/2, Q1Q5/2). There are also 2 chiral primaries 
with weight (1/2,0). 
Chiral primaries with h — h = 1/2 

The procedure for constructing these chiral primaries are identical to the case h—h = 1/2. 
The four chiral primaries with weight (k/2, (k + l)/2) are given by 

^l\z, z) 9 f 5 ¥ A (z) YV\z, z) Xf ¥ A \z) (2.67) 

A=l A=l 

E^V\ z ,z)*\(z)*\(z)*$(z) ^ k - l V\z,z)¥ A \z)¥ A (z)¥ A \z) 

There are 4 chiral primaries with weight (k/2, (k + l)/2) for 1 < k < (Q1Q5 — 1) 2 chiral 
primaries with weight (Q1Q5/2, (Q1Q5 + l)/2) and 2 chiral primaries with weight (0, 1/2). 
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Chiral primaries with h — h = 1 

As in the previous cases let us first look at the chiral primaries corresponding to the 
cohomology element 7^2o(-B 4 )- There is only one element which is given by 

*i(*)*2(*) (2-68) 

where summation over A is implied. There is a single chiral primary with weight ((k + 
2)/2, k/2) constructed out of the above chiral primary is 

E k ^(z,z)^ A (z)^2(z) (2.69) 

Thus there is a one chiral primary with weight ((k + 2)/2, k/2) for < k < (Q1Q5 — 1) 
The operator product expansion of two chiral primaries will give rise to other chiral 

primaries consistent with conservation laws. There are known to form a ring. It will be 

interesting to understand the structrure of this ring. 

Chiral primaries with h — h = 1 

The construction of these is parallel to the case for h — h — 1. The single chiral primary 

with weight (k/2, (k + 2)/2) for < k < (Q1Q5 - 1) is given by 

^ 2 (z,z)^ A (z)^(z) (2.70) 

2.7 Shortmultiplets of N = (4, 4) SCFT on M 

Using the results of Section |2l| we will write the complete set of shortmultiplets of single 
particle states of the M = (4, 4) SCFT onf A4. In Chapter 3 we will compare this set of short 
multiplets with that obtained from supergravity. We will see in Chapter 3 that supergravity 
is a good approximation in string theory only when Qi — > oo, Q 5 — > oo. Therefore we write 
down the list of shortmultiplets for (T 4 )^ 00 ^/S'(oo). Basically this means that the list of chiral 
primaries of the previous Section does not terminate. 

We have seen that each chiral primary of weight (h, h') gives rise gives rise to the short 
multiplet (2h+l, 2h' + l))s'. Therefore the results of Section |2T6| indicate that the list of shor- 
multiplets corresponding to the single particle states of M = (4,4) SCFT on (T 4 )(°°) / S(oo). 
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is given by 

5(2,2) 5 + 6© m > 3 (m,m) 5 (2.71) 
2(1, 2) s + 2(2, 1)5 + (1, 3)5 + (3, 1)5 
© m > 2 [(m,m + 2)5 + (m + 2,m)s + 4(m,m+ 1)5 + 4(m + l,m) s ] 

2.8 The location of the symmetric product 

The complete specification of the D1/D5 system includes various moduli. Most of the studies 
of the D1/D5 system so far have been focused on the situation with no moduli. It is known 
from supergravity that the D1/D5 system with no moduli turned on is marginally stable 
with respect to the decay of a subsystem consisting of Q' 5 D5 and Q\ Dl-branes. It has been 
observed recently |DJ that such a decay in fact signals a singularity in the world volume gauge 
theory associated with the origin of the Higgs branch. The issue of stability in supergravity 
in the context of the D1/D5 system has also been discussed in P,|IBf. 

The singularity mentioned above leads to a singular conformal field theory and hence 
to a breakdown of string perturbation theory. However, generic values of the supergravity 
moduli which do not involve fragmentation into constituents are described by well-defined 
conformal field theories and therefore string perturbation theory makes sense. We have seen 
in section |0| that important singularity structure of the M. = (4, 4) SCFT on the orbifold 
M. is locally of the type i? 4 /^. The resolution of this singularity gives rise to marginal 
operators. An orbifold theory realized as a free field SCFT on -R 4 /^ is nonsingular as 
all correlations fuctions are finite. The reason for this can be understood from the linear 
sigma model description of the R 4 /Z2 singluarity discussed in section [2.9. 1| . We will see 



that the though the R A fZ 2 singularity is geometrically singular the SCFT is finite because 
it corresponds to a non-zero theta term in the linear sigma model. The geometric resolution 
of this singularity corresponds to adding Fayet-Iliopoulos terms to the D-term equations of 
the linear sigma model. This deforms the R A jZ 2 singularity to an Eguchi-Hansen space. In 
the orbifold theory this deformation is caused by the twist operator T 1 . The Eguchi-Hansen 
space is asymptotically i? 4 /Z 2 but the singularity at the origin is blown up to a 2-sphere. One 
can use the SU(2)r symmetry of the linear sigma model to rotate the three Fayet-Iliopoulos 
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terms to one term. This term corresponds to the radius of the blown up 2-sphere. The theta 
term of the linear sigma model corresponds to 5-flux through the 2-sphere. The change of 
this .B-flux is caused by deforming the orbifold SCFT by the twist operator T°. Thus SCFT 
realized as a free field theory on the orbifold R A /Z2 is regular even though the 2-sphere 
is squashed to zero size because of the non-zero value of £>-flux trapped in the squashed 
2-sphere [19[ . 

The realization of the SCFT of the D1/D5 system as M = (4,4) theory on Ai implies 
that we are at a point in the moduli space of the D1/D5 system at which the orbifold 
is geometrically singular but because of the non-zero value of the theta term the SCFT 
is regular and not at the singularity corresponding to fragmentation. In other words, the 
orbifold SCFT corresponds to a bound state of Q\ Dl-branes and Q5 D5-branes (henceforth 
denoted as the (QiiQ§) bound state). Thus we use the free field realization of M = (4,4) 
SCFT on the orbifold M. and its resolutions using the marginal operators of this theory to 
describe the boundary SCFT corresponding to the D1/D5 system at generic values of the 
moduli. 

The symmetric product orbifold At as we have seen before in section |2.2| is the moduli 
space of Qi instantons of a U (Q 5 ) gauge theory on T 4 . We argue that the orbifold Ai resolved 
by the twist operators T 1 is the moduli space of Qi instantons of a U{Q§) gauge theory on a 
non-commutative torus T 4 . We first look at the case of instantons on R 4 . The moduli space 
of Qi instantons of a U{Q^) gauge theory is given by the D-terms of a 1 + 1 dimensional 
U{Q\) gauge theory with (4,4) supersymmetry and Q$ hypemultiplets. On deforming these 
D-term equations by Fayet-Iliopolous terms we obtain the moduli space of Q\ instantons of 
a U{Q^) gauge theory on a non-commutative R A f2"0fl . Now let us turn to instantons on T 4 
The R 4 /Z 2 singularity of the orbifold Ai is resolved by adding Fayet-Iliopoulos terms to the 
D-term equations in the linear sigma model description of the R A /Z2 singularity. As we have 
seen in the orbifold theory this is caused by adding the twist operators T 1 to the free theory. 
The analogy with the case of instantons on i? 4 gives us the hint that the resolved orbifold Ai 
is the moduli space of Q\ instantons of a U{Q§) gauge theory on a non-commutative torus 
T 4 . It will be interesting to make this argument more precise. 
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2.9 The linear sigma model 

In this section we will analyze the gauge theory description of the D1/D5 system. We show 
that that the gauge theory has four parameters which control the break up of the (Qi,Qs) 
system to subsystems (Q[, Q' 5 ) and (Q'{, Q'l). These are the Fayet-Iliopoulos D-terms and the 
theta term in the effective U(l) (4,4) linear sigma model of the relative coordinate between 
the subsystems (Q'i,Q' 5 ) and (Q",Q'^)- To motivate this we will review the linear sigma 
model corresponding to the of the R 4l /Z 2 singularity. 

2.9.1 The linear sigma model description of R A jZ<i 

The linear sigma model is a 1 + 1 dimensional U(l) gauge theory with (4, 4) supersymmetry 



[21]. It has 2 hypermultiplets charged under the U(l). The scalar fields of the hypermultiplets 



can be organized as doublets under the SU(2)r symmetry of the (4, 4) theory as 

*=(£j)»d*=(3) <"2) 

The A's have charge +1 and the B's have charge —1 under the U(l). The vector multiplet 
has 4 real scalars (p^ i = 1,...,4. They do not transform under the SU(2)r. One can 
include 4 parameters in this theory consistent with (4,4) supersymmetry. They are the 3 
Fayet-Iliopoulos terms and the theta term. 

Let us first investigate the hypermultiplet moduli space of this theory with the 3 Fayet- 
Iliopoulos terms and the theta term set to zero. The Higgs phase of this theory is obtained 
by setting fa and the D-terms to zero. The D-term equations are 

|^i| 2 + |^ 2 | 2 - |£i| 2 - \B 2 \ 2 = (2.73) 
A 1 B 1 + A 2 B 2 = 

The hypermultiplet moduli space is the space of solutions of the above equations modded 
out by the U(l) gauge symmetry. Counting the number of degrees of freedom indicate that 
this space is 4 dimensional. To obtain the explicit form of this space it is convenient to 
introduce the following gauge invariant variables 

M = A X B 2 N = A 2 B X (2.74) 



P = A 1 B 1 = -A 2 B 2 



(2.75) 



These variables are not independent. Setting the D-terms equal to zero and modding out 
the resulting space by U(l) is equivalent to the equation 

P 2 + MN = 0. (2.76) 

This homogeneous equation is an equation of the space R 4 /Z 2 . To see this the solution of 
the above equation can be parameterized by 2 complex numbers {(,v) such that 

P = i( v M = ( 2 N = r] 2 (2.77) 



Thus the point (C,v) an d are the same point in the space of solutions of ( |2.76| ). 

We have shown that the hypermultiplet moduli space is R 4 /Z 2 . 

The above singularity at the origin of the moduli space is a geometric singularity in the 
hypermultiplet moduli space. We now argue that this singularity is a genuine singularity of 
the SCFT that the linear sigma model flows to in the infrared. At the origin of the classical 
moduli space the Coulomb branch meets the Higgs branch. In addition to the potential due 
to the D-terms the linear sigma model contains the following term in the superpotentialQ 

V = (l^l 2 + \A 2 \ 2 + IB,] 2 + \B 2 \ 2 )( V l + $ + tpl + vl) (2.78) 

Thus at the origin of the hypermultiplet moduli space a flat direction for the Coulomb branch 
opens up. The ground state at this point is not normalizable due to the non-compactness of 
the Coulomb branch. This renders the infrared SCFT singular. 

This singularity can be avoided in two distinct ways. If one turns on the Fayet-Iliopoulos 



D-terms, the D-term equations are modified to [21 



A 1 \ 2 + \A 2 \ 2 - \B 1 \ 2 - \B 2 \ 2 = r 3 (2.79) 
A 1 B 1 + A 2 B 2 = n+ir 2 



2 These terms can be understood from the coupling A^A^x*X m s i x dimensions, and recognizing that 
under dimensional reduction to two dimensions ip^s appear from the components of in the compact 
directions. 
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Where r%, r% are the 3 Fayet-Iliopoulos D-terms transforming as the adjoint of the SU (2)r. 
Now the origin is no more a solution of these equations and the non-compactness of the 
Coulomb branch is avoided. In this case wave-functions will have compact support all over 
the hypermultiplet moduli space. This ensures that the infrared SCFT is non-singular. 
Turning on the Fayet-Iliopoulos D-terms thus correspond to the geometric resolution of the 
singularity. The resolved space is known to be |21], [19[] described by an Eguchi-Hanson metric 
in which r li2i3 parameterize a shrinking two-cycle. 

The second way to avoid the singularity in the SCFT is to turn on the theta angle 9. 
This induces a constant electric field in the vacuum. This electric field is screened at any 
other point than the origin in the hypermultiplet moduli space as the £7(1) gauge field is 
massive with a mass proportional to the vacuum expectation value of the hypers. At the 
origin the U(l) field is not screened and thus it contributes to the energy density of the 
vacuum. This energy is proportional to 6 2 . Thus turning on the theta term lifts the flat 
directions of the Coulomb branch. This ensures that the corresponding infrared SCFT is well 
defined though the hypermultiplet moduli space remains geometrically singular. In terms 
of the Eguchi-Hanson space, the #-term corresponds to a flux of the antisymmetric tensor 
through the two-cycle mentioned above. 

The (4,4) SCFT on R 4 /Z2 at the orbifold point is well defined. Since the orbifold has a 

geometric singularity but the SCFT is non-singular it must correspond to the linear sigma 

model with a finite value of 9 and the Fayet-Iliopoulos D-terms set to zero. Deformations 

of the R 4 /Z2 orbifold by its 4 blow up modes correspond to changes in the Fayet-Iliopoulos 

D-terms and theta term of the linear sigma modelQ The global description of the moduli of 

a M = (4,4) SCFT on a resolved R 4 /Z 2 orbifold is provided by the linear sigma model. In 

conclusion let us describe this linear sigma model in terms of the gauge theory of D-branes. 

The theory described above arises on a single Dl-brane in presence of 2 D5-branes. The 

singularity at the point r 1; r 2 , r 3 , # = is due to noncompactness of the flat direction of the 

Coulomb branch. Thus it corresponds to the physical situation of the Dl-brane leaving the 

3 If we identify the SU(2) R of the linear sigma-model with SU(2)j of the orbifold SCFT, then the Fayet- 
Iliopoulos parameters will correspond to T 1 and the #-term to T°. This is consistent with Witten's obser- 
vation |^2| that SO(A)e symmetry of the linear sigma-model (one that rotates the </>j's) corresponds to the 
SU(2) R of the orbifold SCFT. 
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D5-branes. 



2.9.2 The gauge theory description of the moduli of the D1/D5 

system 

As we have seen in Section 2 the resolutions of the M = (4, 4) SCFT on M. is described by 
4 marginal operators which were identified in the last subsection with the Fayet-Iliopoulos 
D-terms and the theta term of the linear sigma model description of the R A /Z 2 singularity. 
We want to now indicate how these four parameters would make their appearance in the 
gauge theory description of the full D1/D5 system. 

Motivated by the D-brane description of the R A /Z 2 singularity we look for the degrees of 
freedom characterizing the break up of (Qi, Q5) system to (Q\, Q' 5 ) and (Q'[, Q'l). Physically 
the relevant degree of freedom describing this process is the relative coordinate between the 
centre of mass of the (Q' 1: Q' 5 ) system and the (Q'{, Q'l). We will describe the effective theory 
of this degree of freedom below. 

For the bound state (Qi, Q$) the hypermultiplets the x a ,l are charged under the relative 
17(1) of U(Q ± ) x U(Q 5 ), that is under the gauge field = Tr u[Ql) {Af) -Tr um {A bl ). The 
gauge multiplet corresponding to the relative U(l) corresponds to the degree of freedom of 
the relative coordinate between the centre of mass of the collection of Q 1 Dl-branes and Q5 
D5-branes. At a generic point of the Higgs phase, all the Xa5 s have expectation values, thus 
making this degree of freedom becomes massive. This is consistent with the fact that we are 
looking at the bound state ((5i,Qs). 

Consider the break up of the (Qi,Qs) bound state to the bound states (Q'^Qj) and 
(Q'[, Q'l). To find out the charges of the hypermultiplets under the various t/(l), we will 
organize the hypers as 

/ , \ / Y m \ / y (5) y (5) \ 

\ Aa b Aa b / y * i(a"a>) 1 i(a"a") J \ 1 i(b"b>) 1 i(b"b") / 

where a', a' runs from 1, ...,Q[, b',b' from 1,...,Q' 5 , a" a" from 1,...Q" and b",b" from 
1 . . . , Q'l- We organize the scalars of the vector multiplet corresponding to the gauge group 
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tf(Qi) and U{Q 5 ) as 

M)a'a' ,(l)a'a" \ / ,<5)6'&' ,(5)6'6" 

, ( l)a"a' ,(2)a'a" I d,I1U I , ( 5)6"b' ,(5)6'6" I ^.OJJ 



where i = 1, 2, 3, 4. 

Let us call the the 17(1) gauge fields (traces) of U(Q[), U(Q' 5 ), U(Q'{), U(Q'^) as A[, A' 5 , A", 
respectively. We will also use the notation A'± = A\ ± A' 5 and A^. = A" ± Ag. 

As we are interested in the bound states (Qi,Q' 5 ) and (Q",Q'^), in what follows we will 
work with a specific classical background in which we give verts to the block-diagonal hypers 

Xa'y ,Xa''b'' ,yi^wy Y i§ly Y i{l''a'') and Y i(b"l"y Tnese vev ' s are chosen so that the classical 
background satisfies the D-term equations ||. 

The verts of the x' s render the fields A'_ and A"_ massive with a mass proportional to 
verts. In the low energy effective Lagrangian these gauge fields can therefore be neglected. 
In the following we will focus on the U(l) gauge field A r = 1/2(A' + — A'\_) which does not 
get mass from the above verts. The gauge multiplet corresponding to A r contains four real 
scalars denoted below by </?j. These represent the relative coordinate between the centre of 
mass of the (Qx,Q' 5 ) and the {Q'{,Q'D bound states. We will be interested in the question 
whether the y^'s remain massless or otherwise. The massless case would correspond to a 
non-compact Coulomb branch and eventual singularity of the SCFT. 

In order to address the above question we need to find the low energy degrees of freedom 
which couple to the gauge multiplet corresponding to A r . 

The fields charged under A r are the hypermultiplets x a >b"> X a "&'> Y i(a'a"y Y i{a"a')-> 
Y i(b'b")-> Y fb"b') an d the vector multiplets 4 - 1 ' )a a , (^p a a , (pf^ b , (pf^ b . In order to find out 
which of these are massless, we look at the following terms in the Lagrangian of U(Q\) x 
U{Q§) gauge theory: 

L = L x + L 2 + L 3 + L 4 (2.82) 

T - v* A^hzai* ,(l)a 2 a 3 _ 

L 3 = Tr([Y^,Y}\Y^,YP)) 
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where the aj's run from 1, . . . , Qi and the fej's run form 1, . . . , Q5. The terms L\ and L2 
originate from terms of the type | Amx\ 2 where Am = {A^, </>j) is the (4, 4) vector multiplet in 
two dimensions. The terms L3 and L4 arise from commutators of gauge fields in compactified 
directions. 

The fields Y are in general massive. The reason is that the traces y^ 1 ' = y9^,-,-,, represent- 
ing the centre-of-mass position in the T 4 of Q[ Dl-branes, and = Y^S,-,,*,, representing 
the centre-of-mass position in the T 4 of Q'{ Dl-branes, are neutral and will have few's which 
are generically separated (the centres of mass can be separated in the torus even when they 
are on top of each other in physical space). The mass of 5^S a »), Y^„-,^ can be read off from 
the term L 3 in ( |2.82|) , to be proportional to (y 1 ^ — y"^) 2 Similarly the mass of Y^yyiy ^[y^n 
is proportional to (y'^ 5 ' — y"^) 2 (as can be read off from the term L4 in ( |2.82| )) where y'^ 



and y"^ are the centers of mass of the Q' 5 D5-branes and Q'l D5-branes along the direction 
of the dual four torus T 4 . (At special points when their centres of mass coincide, these fields 
become massless. The analysis for these cases can also be carried out by incorporating these 
fields in fl2.85|) -( E^87f ), with no change in the conclusion) The fields (f)^ aa , a are also 
massive. Their masses can be read off from the L\ in ( |2.82| ). Specifically they arise from the 
following terms 

* ,{l)a'a'(* ,(l)a'a" _ * Al)a" a[* M)a" a' _ , , 

Xa'fw'Pi <Pi Xa'{b" + Xa'J'Vi 9i Xa' 2 b> (2.8d) 

where a\ run from 1, . . . Q[ and a" run form 1, . . . Q'[. These terms show that their masses 
are proportional to the expectation values of the hypers Xa'v and Xa"b"- Similarly the terms 
of L 2 in CT) 

* ,(5)&"6'* ,(5)6"6' * , (5)6' b"* , (5)6', 6" , n „ -s 

X a »vA <Pi 2 Xa»V> + X a r«4>\ )X 0i 2 Xa% (2-84) 



show that the fields (J)\ 5 ^ b * (j)^ b * are massive with masses proportional to the expectation 
values of the hypers Xa'a" and x a "l"- I* 1 * ne above equation b\ take values from 1,. . . ,Q' 5 
and b'l take values from 1, . . . , Q§. Note that these masses remain non-zero even in the limit 
when the (Q[, Q' 5 ) and (Q'(, Q§) are on the verge of separating. 

Thus the relevant degrees of freedom describing the splitting process is a 1 + 1 dimensional 
£7(1) gauge theory of A r with (4,4) supersymmetry. The matter content of this theory 



consists of hypermultiplets Xa'l" with charge +1 and Xa"l' with charge —1. 

Let us now describe the dynamics of the splitting process. This is given by analyzing 
the hypermultiplet moduli space of the effective theory described above with the help of the 
D-term equations: 

^-a'b"^* a 'b" ~ A a „yA* a „y — B V t^By l&l + By-nBy^i = (2.85) 

A a i b nB b n a ' — A a „l,Bva" = 

In the above equations the sum over a', b', a", b" is understood. These equations are general- 
ized version of ( 2.73 ) discussed for the R 4 jZ 2 singularity in Section 4.1. At the origin of the 



Higgs branch where the classical moduli space meets the Coulomb branch this linear sigma 
model would flow to an infrared conformal field theory which is singular. The reason for this 
is the same as for the R 4 /Z 2 case. The linear sigma model contains the following term in 
the superpotential 

V = (A a r b „A* a ,- b „ + A a „- b ,A* a „- b , + B V , W B*, W + B v - a „Bl- a „){yl + y\ + y\ + V \) (2.86) 

As in the discussion of the R 4 jZ 2 case, at the origin of the hypermultiplet moduli space the 
flat direction of the Coulomb branch leads to a ground state which is not normalizable. This 
singularity can be avoided by deforming the D-term equations by the Fayet-Iliopoulos terms: 

A a 'b"A* a , b „ - A a „ b , A* a „- b , - B b „- a <B* bll - al + B b ia"B* b , h „ = r 3 (2.87) 
A a i b nB b na> — A a „ b ,B b ia» — ri + ir 3 

We note here that the Fayet-Iliopoulos terms break the relative U(l) under discussion and 
the gauge field becomes massive. The reason is that the D-terms with the Fayet-Iliopoulos 
do not permit all A, 5's in the above equation to simultaneously vanish. At least one of 
them must be non-zero. As these A, 5's are charged under the U(l), the non-zero of value 
of A, B gives mass to the vector multiplet. This can be seen from the potential ( |2.86| ). The 
scalars of the vector multiplet becomes massive with the mass propotional to the vev's of 
A, B. Thus the relative U(l) is broken. 

The singularity associated with the non-compact Coulomb branch can also be avoided 
by turning on the 9 term, the mechanism being similar to the one discussed in the previous 
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subsection. If any of the 3 Fayet-Iliopoulos D-terms or the 9 term is turned on, the flat 
directions of the Coulomb branch are lifted, leading to normalizable ground state is of the 
Higgs branch. This prevents the breaking up of the (Q\, Q 5 ) system to subsystems. Thus we 
see that the 4 parameters which resolve the singularity of the M = (4, 4) SCFT on M. make 
their appearance in the gauge theory as the Fayet-Iliopoulos terms and the theta term. 

It would be interesting to extract the singularity structure of the the gauge theory of the 
D1/D5 system through mappings similar to ( |2.74| )- ( |2.77| )f|. 

2.9.3 The case (Qi,Q 5 ) (Qi-1, Q 5 ) + (1,0): splitting of 1 Dl-brane 

It is illuminating to consider the special case in which 1 Dl-brane splits off from the bound 
state {QiiQh)- The effective dynamics is again described in terms of a U(l) gauge theory 
associated with the relative separation between the single Dl-brane and the bound state 
(Qi — ljQs). The massless hypermultiplets charged under this U{1) correspond to open 
strings joining the single Dl-brane with the D5-branes and are denoted by 

» = ( 4 ) (2 ' 88 > 

The D-term equations, with the Fayet-Iliopoulos terms, become in this case 

Qs Qs 

(\M 2 - \Bv?) = r 3 , £ A v B b> =ri + ir 2 (2.89) 

b'=l b'=l 



while the potential is 



V 



£ (\A b ,\ 2 + \B b ,\ 



b'=l 



{y\ + <f 2 2 + <p 2 3 + <pl) (2.90) 



In this simple case it is easy to see that the presences of the Fayet-Iliopoulos terms in ( |2.89 ) 



ensures that all A, i?'s do not vanish simultaneously. The vev's of A, B gives mass to the (p's. 
Thus the relative U(l) is broken when the Fayet-Iliopoulos term is not zero. The D-term 



equations above agree with those in [17] which discusses the splitting of a single Dl-brane. It 
is important to emphasize that the potential and the D-term equations describe an effective 
dynamics in the classical background corresponding to the (Qi — 1, Q5) bound state. This 
corresponds to the description in [pjj of the splitting process in an AdS3 background which 



represents a mean field of the above bound state. 



The singularity structure for a U(l) theory coupled to N hypermultiplets has been obtained in 23 
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2.9.4 The dynamics of the splitting at the singularity of the Higgs 
branch 



We have seen in Section |2.9.2j that the effective theory describing the dynamics of the splitting 
of the (QiiQs) system to substems (Qi,Q' 5 ) and {Q'{-,Q'D is (4,4), U{1) super Yang-Mills 
coupled to QiQ's + Q5Q") hypermultiplets. The SCFT which this gauge theory flows in the 
infra-red is singular if the Fayet-Iliopoulos terms and the theta term is set to zero. The 
description of the superconformal theory of the Higgs branch of a U(l) gauge theory with 



(4, 4) supersymmetry and N hypermultiplets near the singularity was recently found in [^4 



It was expressed in the Coulomb variables. It consists of a bosonic SU(2) Wess-Zumino- 
Witten model at level N — 2, four free fermions and a linear dilaton with background charge 
given by 

Q = ] l^ {N ~ 1) (2 - 91) 
The central charge of this SCFT is 6(iV — 1). Using this result for the U(l) theory describing 
the splitting we get a background charge for the linear dilaton given by 



= V««Ta« (010!+olor - 1) (2 ' 92) 
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Chapter 3 

Coupling with the bulk fields 

This chapter focuses on finding the coupling of the microscopic theory discussed in Chapter 
2 with fields of the supergravity. The supergravity field <fi couples with the operator 0(z, z) 
of M = (4,4) SCFT on M. in the form of an interaction 

^int = A* / d 2 z(p(z,z)0(z,z) (3.1) 

\x denotes the strength of the coupling. We fix the operator 0(z, z) corresponding to the 
supergravity field <fi by appealing to symmetries. We have seen that in Chapter 2 the marginal 
operators of the SCFT can be classified according to the quantum numbers of the supergroup 
SU(1, 1|2) x SU(1, 1|2) together with the 5*0(4)/ quantum numbers. In this chapter we 
will see that these symmetries are also present in the near horizon limit of the supergravity 
solution. We will classify the supergravity fields according to these symmetries. In particular 
we will focus on all the scalars present in the supergravity background 0. The coupling in 
( ft.ip is fixed by demanding that the operator 0(z, z) and the supergravity field have the 
same quantum number under the various symmetries [[J. 

3.1 Near horizon symmetry 

In this section we will review the near horizon symmetries of the Dl /D5 system. The solution 
of the type IIB supergravity equations in the string metric is given by || 

ds 2 = f^fP(-dt 2 + dxl)+f?fi(dxl + --- + dxl) (3.2) 
+fhsHdxl + --- + dx 2 9 ), 

e~ 2 * = -j 5 fr\ 

9s 



1 



Bq5 
H a bc 

where fi and /s are given by 



5 yr* - 1) 



(dB )abc = -tabcdddfe, a, b, c, d = 1, 2, 3, 4 



/i = l + 



/s = l + 



(3.3) 



Here r 2 = a; 2 + x 2 . + X3 + x 4 denotes the distance measured in the transverse direction to all 
the D-branes. 

The near horizon scaling limit is obtained by 



a 



V, 



v = 



167r 4 a' 2 



-0, 
fixed, 



r - = u 

a 1 

9s 

96 = 



fixed 
= fixed 



(3.4) 



In this limit the metric in (|3.2|) becomes 
U 2 



ds 2 



a 



-dx\ + dx 2 5 ) + g^QiQ^^- + 9z\l QiQsdVL 



+ 



Qy{dxl + ...dxl) 
(3.5) 

Thus the near horizon geometry is that of AdS^ x S 3 x T 4 . Our notation for coordinates 
here is as follows: AdS% : (xq, x$, r); S 3 : (%, 9,(fi)]T A : (x 6 , x 7 , Xs, Xg). r, %, 0, are spherical 
polar coordinates for the directions xi, X2, X3, £4. The radius of S 3 and the anti-de Sitter 
space is \fo'{glQiQ^) l ^ 4: - Let us examine the symmetries of this near horizon geometry. 
The bosonic symmetries arise from the isometries of AdS$ and S 3 . The isometries of the 
AdS% space form the non-compact group 5*0(2, 2), while the isometries of S 3 form the group 
SO(4)e = SU(2)e x SU(2) E . Though the compactification on T 4 breaks the £0(4) rota- 
tions of the coordinates xq, . . . ,xg we can still use this symmetry to classify supergravity 
fields. We will call this symmetry 50(4)/. The D1/D5 system preserves eight out of the 
32 supersymmetries of the type IIB theory. In the near horizon limit the number of su- 
persymmetries gets enhanced from eight to sixteen JlJ. These symmetries fix the form of 
the effective anti-de Sitter supergravity theory near the horizon. The bosonic symmetries 
50(2, 2) x S0(4) E = (SL(2R) x SU(2)) x (SL(2, R) x SU(2)) form the bosonic symmetries 
of the anti-de Sitter supergravity in three-dimensions. Simple anti-de Sitter supergroups in 
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three-dimensions were classified in []5| . It can be seen that the only simple supergroups whose 
bosonic part is SL(2,R) x SU(2) are Osp(3\2, R) and S77(l, 1|2). The former contains the 
bosonic subgroup 0(3) x SL(2,R). The supercharges of the supergroup Osp(3\2, R) trans- 
form as the vector representation of the group 0(3), while the supercharges of the supergroup 
<S77(1, 1|2) transform as 2 of the group SU(2). The unbroken supercharges of the D1/D5 
system transform in the spinor representation of 50 (4) # and therefore they transform as 2 
of SU{2). This rules out Osp(3\2, R). Therefore the near horizon anti-de Sitter supergravity 
is based on the supergroup SU(1,1\2) x SU(1, 1|2) with matter fields. The pure anti-de 
Sitter supergravity based on the super group SU(1, 1|2) x SU(1, 1|2) was constructed in || 
using the fact that it is a Chern-Simons theory . 

3.2 Classification of the supergravity modes 

In this section we analyze the spectrum of Type IIB supergravity compactified on AdS 3 x 5 3 x 
T 4 . From ( |3.5| ) we see the volume of T 4 is 167r 4 a' 2 Qi/Q5- Therefore we ignore Kaluza-Klein 
modes on the T 4 . The radius of the S 3 is Va'igeQiQs) 1 ^ 4 '- This is large when 

g s Qi » 1 and g s Q 5 » 1 (3.6) 

These inequalities are true in the limit ( |1.20| ). Therefore we are justified in using supergravity. 
Kaluza-Klein reduction of type IIB supergravity to six dimensions leaves six dimensional 
(2, 2) supergravity. We show that the Kaluza-Klein spectrum of the six dimensional theory 
on AdS 3 x S 3 can be completely organized as short multiplets of the supergroup SU(1, 1|2) x 
517(1, 1|2). We will follow the method developed by 0. 

The massless spectrum of (2, 2) six-dimensional supergravity consists of: a graviton, 
8 gravitinos, 5 two-forms, 16 gauge fields, 40 fermions and 25 scalars. Since these are 
massless, the physical degrees of freedom fall into various representations R4 of the little 
group SO(A)l of i?( 5,1 ). For example, the graviton transform as a (3,3) under the little 
group 50(4) L = SU{2) L x SU\2) L . On further compactifying R^ into AdS 3 x S 3 , each 
representation i? 4 decomposes into various representations R 3 of 50(3), the local Lorentz 
group of the S 3 . This 50(3) ~ 517(2) is the diagonal SU{2) of SU{2) L x SU(2) L . For 



example, the graviton decomposes as 1 + 3 + 5 under the SO (3), the local Lorentz group 
of S 3 . The dependence of each of these fields on the angles of S 3 leads to decomposition in 
terms of Kaluza-Klein modes on the S 3 which transforms according to some representation 
of the isometry group 5*0(4) of S* 3 . Only those representations of 5*0(4) occur in these 
decompositions which contain the representation R 3 of S* 3 . To be more explicit, consider 
the field 0_r so(3) (xo, x$, r, 9, 0, x) which transforms as some representation Rso(3) of the local 
Lorentz group of S* 3 . The Kaluza-Klein expansion of this field on S 3 is given by 

(*0,*6,r)l£ o o ( £(M,x)- (3-7) 

R SO(4) 

Here Y^°^ (9, 0, x) stands for the spherical harmonics on S* 3 . In the above expansion 
the only representation of Rso(a) allowed are the ones which contain Rso(z)- F° r example, 
4>(xq, x 5 , r, 9, 0, x) which is a scalar under the local Lorentz group of S 3 can be expanded as 

0(x o ,x 5 ,r,M,x) = E ^(xo,X5,r)y (m ' m,) (M,x) (3.8) 

m,m'; m=m' 

Once the complete set of Kaluza-Klein modes are obtained we will organize them into short 
multiplets of the supergroup SU(1, 1|2) x SU(1, 1|2). 

Let us now consider all the massless field of (2, 2) supergravity in six-dimensions individu- 
ally. The graviton transforms as (3, 3) of the little group in 6 dimensions. The Kaluza-Klein 
harmonics of this field according to the rules discussed above are 

(1,1) + 2(2, 2) + (3,1) + (1,3) (3.9) 
+3 © m > 3 (m, m) + 2 © m > 2 [ (m + 2, m) + (m, m + 2) ] 
+ ©m>i [ (m + 4, m) + (m, m + 4) ] 

The little group representations of the 8 gravitinos is 4(2, 3) + 4(3, 2). Their Kaluza-Klein 
harmonics are 

8[ (1, 2) + (2, 1) ] + 16 © m > 2 [ (m + 1, m) + (m, m + 1) ] (3.10) 
+8 © m >i [ (m + 3, m) + (m, m + 3) ] 

The Kaluza-Klein harmonics of the 5 two-forms transforming in (1,3) + (3, 1) of the little 
group are 

10 © m > 2 (m, m) + 10 © m >i [ (m + 2, m) + (m, m + 2) ] (3.11) 



The Kaluza-Klein harmonics of the 16 gauge fields, (2, 2) are 

16(1, 1) + 32 © m > 2 (m, m) + 16 © m >x [ (m, m + 2) + (m + 2, m) ] (3.12) 

The 40 fermions 20(2, 1) + 20(1, 2) give rise to the following harmonics 

40© m >i [(m,m+l) + (m + l,m)] (3.13) 

The 25 scalars (1,1) give rise to the harmonics 

25 © m >i (m, m) (3.14) 

Putting all this together the complete Kaluza-Klein spectrum of type IIB on AdS^ x S 3 xT A 
yields 

42(1, 1) + 69(2, 2) + 48[ (1, 2) + (2, 1) ] + 27[ (1, 3) + (3, 1) ] (3.15) 
70 © m > 3 (m, m) + 56 © m > 2 [ (m, m + 1) + (m + 1, m) ] 
+28 © m > 2 [ (m, m + 2) + (m + 2, m) ] + 8 © m >i [ (m, m + 3) + (m + 3, m) ] 
+ ©m>i [ (m, m + 4) + (m + 4, m) ] 

We now organize the above Kaluza-Klein modes into short representations of SU(1, 1|2) x 
SU(1, 1|2) [^]. The short multiplet of SU(1, 1|2) consists of the following states 

j L Degeneracy 



h h 2h + 1 /„ 

ft -1/2 h + 1/2 2(2/i) 
h - 1 h + 1 2h-l 

In the above table j labels the representation of SU(2) which is identified as one of the 
S77(2)'s of the isometry group of S 3 . Lq denotes the conformal weight of the state. We 
denote the short multiplet of SU(l, 1|2) x SU(1, 1|2) as (2h + 1, 2h' + l) s . On organizing 
the Kaluza-Klein spectrum into short multiplets we get the following set 

5(2,2) 5 + 6© m > 3 (m,m) 5 (3.17) 
©m> 2 [ (m, m + 2) s + (m + 2, m) s + 4(m, m + l) s + 4(m + 1, m) s ] 



Equation ( p.!5|) shows that there are 42(1, 1) £0(4) representations in the supergravity 



Kaluza Klein spectrum. We know that one of these arises from the s-wave of from 



fin 



equation ( ^.9| ). This is one of the fixed scalars. 16(1,1) comes from the s-waves of the 
16 gauge fields (the components along x 5 ) as seen in equation ( |3.12|) . The remaining 25 



comes from the 25 scalars of the six dimensional theory. We would like to see where these 
42(1,1) fit in the short multiplets of S77(l, 1|2) x S77(l,l|2). From equation ( gT7|) one 
can read that 20 of them are in the 5(2,2)5 with (j = 0,Lq = 1; j = 0,Lq = 1). 6 of 
them are in in 6(3,3)5 with (j = 0, L = 2; j = 0, L = 2). These correspond to the fixed 
scalars. Finally, the remaining 16 of them belong to 4(2,3)5 + 4(3,2)5. 8 of them have 
(j = 0, L = 1; j = 0, L = 2) and 8 of them have (j = 0, L = 2; j = 0,L = 1). These 
scalars can be recognized as the intermediate scalars. 

3.2.1 Comparison of supergravity shortmultiplets with SCFT 



In Section |2J we have listed the complete set of shortmultiplets corresponding to single 



particle states of the Af = (4,4) SCFT on the orbifold M.. Comparing equation ( |2.71| ) and 



the list of shortmultiplets of single particle states obtained from supergravity in ( |3.17|) we 
find that they are identical except for the presence of the following additional shortmultiplets 
in the SCFT 

2(1, 2)5 + 2(2, 1)5 + (1, 3)5 + (3, 1)5 (3.18) 

These correspond to non-propagating degrees of freedom in the supergravity [|7|]. Therefore 
they are not present in the list of shortmultiplets obtained form supergravity ( |3.17 ). 



3.3 The supergravity moduli 

In this section we will analyze in detail the massless scalars in the near horizon geometry of 
the D1/D5 system. Type IIB supergravity compactified on T 4 has 25 scalars. There are 10 
scalars h%j which arise from compactification of the metric. i,j,k... stands for the directions 
of T 4 . There are 6 scalars b{j which arise from the Neveu-Schwarz I?-field and similarly there 
are 6 scalars b'^ from the Ramond-Ramond i?'-field. The remaining 3 scalars are the ten- 
dimensional dilaton 1O , the Ramond-Ramond scalar \ and the Ramond-Ramond 4-form 
C6789- These scalars parameterize the coset SO(5, 5)/(SO(5) x SO(5)). The near horizon 
limit of the D1/D5 system is AdS^ x S 3 x T 4 ||. In this geometry 5 of the 25 scalars become 



massive. They are the ha (the trace of the metric of T 4 which is proportional to the volume 
of T 4 ), the 3 components of the anti-self dual part of the Neveu-Schwarz B-field b^ and a 
linear combination of the Ramond-Ramond scalar and the 4-form ||. The massless scalars 
in the near horizon geometry parameterize the coset 5*0(5, 4)/ (SO (5) x SO (A)) |PH[ . 

As we have seen the near horizon symmetries form the supergroup SU(1, 1|2) x SU(1, 1|2). 
We have classified all the massless supergravity fields of type IIB supergravity on AdS$ x 
S 3 x T 4 ignoring the Kaluza-Klein modes on T 4 according to the short multiplets of the 
supergroup SU(1, 1|2) x SU(1, 1|2). The isometries of the anti-de Sitter space allow us to 
relate the quantum number L + L to the mass of the scalar field through the relation. 

h + h = 1 + Vl + m 2 (3.19) 

Here m is the mass of the scalar in units of the radius of AdS% and (h, h) is the eigenvalue 
of Lo,Lo under the classification of the scalar in shortmultiplets of SU(1, 1|2) x SU(1, 1|2). 
Thus the massless fields of the near horizon geometry of the D1/D5 system fall into the 
top component of the 5(2, 2)§ short multiplet. We further classify these fields according to 
the representations of the SO(A)j, the rotations of the x 6 ,x 7 ,x 8 ,x 9 directions. As we have 
mentioned before this is not a symmetry of the supergravity as it is compactified on T 4 , but 
it can be used to classify states. The quantum number of the massless supergravity fields 
are listed below. 



Field 


SU(2)! x SU{2)i 


SU(2) E x SU{2) E 


Mass 




(3,3) 


(1,1) 





% 

06 


(3,1) + (1,3) 


(1,1) 





(1,1) 


(1,1) 





diX + 0.2C6789 


(1,1) 


(1,1) 





b± 

'J 


(1,3) 


(1,1) 






(3.20) 



The linear combination appearing on the fourth line is the one that remains massless in the 
near-horizon limit. 06 refers to the six- dimensional dilaton. The SU(2)e x SU(2) e stands 
for the SO (A) isometries of the S 3 . All the above fields are s- waves of scalars in the near 
horizon geometry. 
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3.4 ACIS3/CFT2 correspondence 



Maldacena's conjecture [12|, |T^, [L4|, [L5|] for the case of the D1/D5 system states that string 
theory on AdS% x S 3 x T 4 is dual to the 1 + 1 dimensional conformal field theory of the 
Higgs branch of gauge theory of the D1/D5 system. There is evidence for this conjecture 
from symmetries. To describe the D1/D5 system at a generic point in the moduli space we 
can use the M = (4, 4) SCFT on the orbifold M. to describe the Higgs branch of the gauge 
theory of the D1/D5 system as we have argued in Chapter 2. The volume of T 4 is of the 
order of string length and radius of S 3 is large, therefore we can pass over from string theory 
on AdSz x S 3 x T 4 to six-dimensional (2, 2) supergravity on AdS% x S 3 . We will compare 
symmetries in the supergravity limit. The identification of the isometries of the near horizon 
geometry with that of the symmetries of the SCFT are given in the following table. 



Symmetries of the Bulk 



Symmetries of SCFT 



(a) Isometries of AdS$ 

SO(2, 2) ~ SL(2, R) x SL(2,R) 

(b) Isometries of S 3 
SO{4) E ~ SU(2) x 517(2) 



The global part of the Virasoro group 
SL(2,R) x SL(2,R) 

R-symmetry of the SCFT 
SU(2) R x SU{2) R 



(c) Sixteen near horizon symmetries Global supercharges of M = (4, 4) SCFT 

(d) SO{A)j of T 4 gO(4) 7 of T 4 

To summarize the S77(l,l|2) x SU(1, 1|2) symmetry of the near horizon geometry is 
identified with the global part of the M = (4, 4) SCFT on the orbifold M. together with the 
identification of the 5*0(4)/ algebra of T 4 and T 4 . 

3.5 Supergravity moduli and the marginal operators 



We would like to match the twenty supergravity moduli appearing in ( |3.20|) with the twenty 
marginal operators appearing in ( |2.35p and Q2.45p by comparing their symmetry properties 



under the AdS/CFT correspondence |l I 



The symmetries, or equivalently quantum numbers, to be compared under the AdS/CFT 



correspondence are as follows: 

(a) The isometries of the supergravity are identified with the global symmetries of 
the superconformal field theory. For the Ad S3 case the symmetries form the supergroup 
57/(1, 1|2) x SU(1, 1|2). The identification of this supergroup with the global part of the 
M = (4, 4) superalgebra leads to the following mass- dimension relation 



h + h = 1 + VI + m 2 (3.21) 

where m is the mass of the bulk field and (h, h) are the dimensions of the SCFT operator. 
Since in our case the SCFT operators are marginal and the supergravity fields are massless, 
the mass-dimension relation is obviously satisfied. 

(b) The SU{2)e x SU{2) e quantum number of the bulk supergravity field corresponds 
to the SU(2)r x SU(2) R quantum number of the boundary operator. By an inspection of 
column three of the tables in (|2.35| ), (|2.45 ) and ( |3.20| ), we see that these quantum numbers 



also match. 

(c) The location of the bulk fields and the boundary operators as components of the 
short multiplet can be found by the supersymmetry properties of the bulk fields and the 
boundary operators. Noting the fact that all the twenty bulk fields as well as all the marginal 
operators mentioned above correspond to top components of short multiplets, this property 
also matches. 

(d) The above symmetries alone do not distinguish between the twenty operators or 
the twenty bulk fields. To further distinguish these operators and the fields we identify 
the 5*0(4)7 symmetry of the directions Xq, xj, x$, x$ with the 50(4) j of the SCFT. At the 
level of classification of states this identification is reasonable though these are not actual 
symmetries. Using the quantum numbers under this group we obtain the following matching 
of the boundary operators and the supergravity moduli. 

Operator Field 3U(2)j x SU[2)j 

dx A \z)dx A \z) - l/A^dx k A Bx k A ha - l/A&ijhkk (3, 3) 

dx [ l(z)B4(z) % (3,1) + (1,3) (3 22) 

dx A (z)dx A {z) (1,1) 

r 1 b± (1,3) 

T° aix + a 2 6789 (1,1) 
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Note that both the representations (1,3) and (1,1) occur twice in the above table. This 
could give rise to a two-fold ambiguity in identifying either (1,3) or (1,1) operators with 
their corresponding bulk fields. The way we have resolved it here is as follows. The operators 
T 1 and T° correspond to blow up modes of the orbifold, and since these are related to the 
Fayet-Iliopoulos terms and the ^-term in the gauge theory (see Section |2~9| ), tuning these 
operators one can reach the singular SCFT || that corresponds to fragmentation of the 
D1/D5 system. In supergravity, similarly, it is only the moduli bfj and dix + ^2^6789 which 
affect the stability of the D1/D5 system || [R], [17] . As a result, it is bfj (and not b'£) which 
should correspond to the operator T 1 and similarly a\X + a 2 C 6 7 8 9 should correspond to T°. 
Another reason for this identification is as follows, and a\X + a 2C*6789 are °dd under 
world sheet parity while b'^ and (f) are even under world sheet parity. Assign a Z 2 quantum 
number —1 to the twisted sectors and +1 to the untwisted sectors in the SCFT. If under 
the AdS/CFT correspondence one can identify these Z 2 quantum numbers in the boundary 
SCFT and the bulk then the corespondence we have made is further justified. 

Thus, we arrive at a one-to-one correspondence between operators of the SCFT and the 
supergravity moduli. 

3.6 Fixed scalar s 

Out of the 25 scalars mentioned earlier which form part of the spectrum of IIB supergravity 
on T 4 , five become massive when further compactified on AdS% x S 3 . There is an important 
additional scalar field which appears after this compactification: h^. Let us remind ourselves 
the notation used for the coordinates: AdS 3 : (x , x 5 , r), S 3 : (%, 0, 0);T 4 : (x 6 , x?, x$, Xg). 
r,x,9,4> are spherical polar coordinates for the directions xi,x 2 , £3, x±. In terms of the D- 
brane wrappings, the D5 branes are wrapped along the directions £5, Xq, X7, Xs, Xg and Dl 
branes are aligned along x§. The field /155 is scalar in the sense that it is a scalar under the 
local Lorentz group SO (3) of 5" 3 . 

In what follows we will specifically consider the three scalars 0io, ha and The equa- 
tions of motion of these fields in supergravity are coupled and have been discussed in detail 



in the literature |T8lO]. It turns out that the six-dimensional dilaton <p & = 1O — ha /A which 



is a linear combination of hu and 0io remains massless; it is part of the twenty massless (min- 
imal) scalars previously discussed. The two other linear combinations A and v are defined 

as 

A = >f-^ + f (3.23) 

A and v satisfy coupled differential equations. These are examples of fixed scalars. The pick 
up masses in the background geometry of the D1/D5 system. In the near horizon limit the 
equation of motions of A and v become decoupled. They give rise to the massive Klein- 
Gordon equation in Ad S3. The near horizon mass of A and v is m 2 = 8 in units of the radius 
of AdS 3 . 

Understanding the absorption and emission properties of fixed scalars is an important 
problem, because the D-brane computation and semiclassical black hole calculation of these 
properties appear to be at variance ||19|| . The discrepancy essentially originates from the 
'expected' couplings of A and v to SCFT operators with (h, h) = (1,3) and (3,1). These 
SCFT operators lead to qualitatively different greybody factors from what the fixed scalars 
exhibit semiclassically. The semiclassical greybody factors are in agreement with D-brane 
computations if the couplings were only to (2,2) operators. 

The coupling to (1, 3) and (3, 1) operators is guessed from qualitative reasoning based 
on the Dirac-Born-Infeld action. Since we now have a method of deducing the couplings in 
Q3.1|) based on near-horizon symmetries, let us use it to the case of the fixed scalars. 

(a) By the mass dimension relation ( |3.21| ) we see that the fixed scalars A and v correspond 



to operators with weights h + h = 4. 

(b) The fixed scalars have SU{2)e x SU(2) e quantum numbers (1, 1). 

As all the supergravity fields are classified according to the shortmultiplets of SU(1, 1|2) x 
SU(1, 1|2) we can find the field corresponding to these quantum numbers among the short- 
multiplets. Searching through the shortmultiplets (see below (|3.17|) ), we find that the fixed 
scalars belong to the short multiplet (3, 3)5 of SU(1, 1|2) x <S77(1, 1|2). They occur as top 
component of (3, 3)5. There are six fixed scalars in all. We conclude that the operators with 



(h, h) = (1, 3) or {h, h) = (3, 1) (which were inferred by the DBI method) are ruled out by 
the analysis of symmetries. 

In summary, since the (1,3) and (3,1) operators are ruled out by our analysis, the 
discrepancy between the D-brane calculation and the semiclassical calculation of absorption 
and emission rates disappears. It is important to note here that couplings guessed from 
reasoning based on Dirac-Born-Infeld action turns out to be incorrect. 

3.7 Intermediate Scalars 

We just remark that the classification presented in Section |3.2| correctly account for all 
sixteen intermediate scalars, and predict that they should couple to SCFT operators with 
(h,h) = (1,2) belonging to the short multiplet (2,3)5 or operators with (h,h) = (2,1) 
belonging to the short multiplet (3, 2)5 (see below equation ( fj.l7|) ). This agrees with the 
'phenomenological' prediction made earlier in the literature ||20|| . 

3.8 Supergravity from gauge theory 

We have seen in this chapter there is a detailed map of the Kaluza-Klein spectrum of super 
gravity in the near horizon geometry of the D1/D5 system to the shortmultiplets of the (4, 4) 
SCFT on A4. In this section we show that the gauge theory description of the the break 
up the (Qi,Qs) system to subsystems (Qi,Q' 5 ) and Q'{,Q") agrees with the description of 
this process in supergravity. In Chapter 2 we have shown that for the (Qi,Qs) system to 
break up into subsystems have to we set the Fayet-Iliopoulos terms and the theta term in the 
gauge theory to zero. This corresponds to the D1/D5 system with the bfj and a\\ + ^Cq-j^ 
moduli set to zero. From now on we will denote the subsystem (Q^, Q' 5 ) as (Qi, Q 5 ) and the 
subsytem Q",Q§) as ((71,(75) for convenience. We saw in Section |2.9.4| that in the infrared 
the description of the splitting process consisted of a linear dilaton with background charge 
given by 

^scft = \ {Qiq 5 + Q 5 qi - 1) (3.24) 

We show that the splitting process in supergravity is also controlled by a linear dilaton theory 
with the background charge given in (3.24). 
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Lets us first consider the case when g 5 = 0. The Ads/CFT correspondence tells us 
that we need to consider qi Dl-branes in the background of Ad S3 x S 3 x T 4 . (We will work 
in the Euclidean AdS^ coordinates.) The radius of S 3 and the anti-de Sitter space is given 
by tq = \fa'(glQiQ5) l l 4: ■ For the supergravity to be valid we need to consider the limit 
( |1.20| ). In the gauge theory the linear dilaton corresponded to the distance between the 
centre of mass of the two subsytems. Therefore we should focus on the distance between the 
boundary of AdS% x S 3 x T 4 and the set of q\ Dl-branes. We are interested in the infrared 
description of the splitting process. By the UV/IR correspondence the Dl-branes should 
be close to the boundary of the AdS% x S 3 x T 4 to obtain the infrared description of the 
splitting process in the supergravity. We assume that the Dl-branes are fixed at a particular 
point on the S 3 and the T 4 . The action of qi Dl-branes in the background of AdS$ and the 
Ramond-Ramond two-form B 05 is given by the DBI action. We can use the DBI action for 
multiple Dl-branes as we are interested only in the dynamics of the centre of mass of thee 
collection of q\ Dl-branes. The DBI action of q\ Dl-branes is given by 

where a stands for the world volume coordinates and a, (5 label these coordinates, g 1 ^ is 
the induced metric on the world volume. B is the Ramond-Ramond 2-form potential. We 
chose a gauge in which the world volume coordinates are the coordinates of the boundary 
of the AdS 3 . Let the metric on the boundary be g a p(a). One can extend the metric g a p{.o) 
on the boundary to the interior of AdS% in the neighbourhood of the boundary || . This is 
given by 

ds 2 = ^ (dt 2 + g aP (a, t)da a da p ) (3.26) 

with 

9*p(<r,0) = 9*fi(<r), 9*p(o,t) = g aP {a) - t 2 P aP + 0{t 3 ) + ... (3.27) 

Here g a pP al3 = R/2. R is the world sheet curvature. The global coordinates of Euclidean 
AdSs is given by 

ds 2 = r 2 (d(f) 2 + sinh 2 (j)dn 2 ) (3.28) 



where dfl 2 is the round metric on S 2 . Near the boundary the metric is given by 



2(b 



ds 2 = r 2 (d<j) 2 + ^dti 2 ) (3.29) 

Motivated by this we use <ft defined as t = 2e~^ to measure the distance from the boundary of 
AdS%. Substituting the metric in ( |3.26|) and the near horizon value of the Ramond-Ramond 
2-form and the dilaton in ( |3.25| ) we obtain the following effective action of the Dl-branes 
near the boundary. 

= qj §rl^ J + m ~ \ R + 0(e ~ 2 * ) ) 

Now consider the case when q\ = 0. The q§ D5-branes are wrapped on T 4 . Therefore 
the world volume of the D5-branes is of the form M 2 x T 4 where M 2 is any 2-manifold. The 
D5-branes are located at a point on the S 3 . We ignore the fluctuations on T 4 as we are 
interested in the dynamics on AdS^. The DBI action of q§ D5-branes is given by 

^5 / / ( 6 — <b I j _x 1 -,ind\ / /m6 



d b ae-*Jdet(C$) - C b (3.31) 



where C 6 is the Ramond-Ramond 6-form potential coupling to the D5-brane. Performing 
a similar calculation for the D5-branes and substituting the near horizon values of the 6- 
from Ramond-Ramond potential, the dilaton and the volume of T 4 one obtains the following 
effective actions for the D5-branes 



s = I * i 8 ^ + " R -2 R+ 0(e ~*>) (3 ' 32) 

/ (d a m + <j)R-^R + 0(e~ 2i 



Air 

For the case when q 1 ^ and q 5 ^ and we just add the contribution from ( |3.30| ) and 
( p.32| ) to obtain the effective action of the (q±, q§) string in AdS%. The reason we can do this 
is because there is no force between the test Dl and D5-branes[]. Thus to the leading order 
in the total effective action of the (q±, q§) string near the boundary is given by 

{qxQh + qsQi) f r-fa awa i ± t> 1 



S 



An 



— fV9 (d a <l>d a 4> + -R) (3.33) 



1 I thank G. Horowitz and R. Myers for a discussion which helped to clarify this point. 



Rescaling so that the the normalization of the kinetic energy term is canonical one obtains 
a linear dilaton action with a back ground charge given by 



We see that the Qsugra = Qscft for large Qi and Q 5 . Thus we are able to derive the 
dynamics of the break up of the (Qi, Q5) system to subsystems from the gauge theory. 
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Chapter 4 

The Hawking Process 

In this chapter we put the results of Chapter 2 and Chapter 3 together and work towards 
a precise understanding of Hawking radiation from the D1/D5 black hole starting from the 
microscopic SCFT []]]. We first review the supergravity calculation of Hawking radiation 
of minimal scalars from the D1/D5 black hole. We are interested in the D1/D5 black 
hole with various moduli turned on. We show that in the supergravity calculation the 
Hawking radiation is independent of the moduli. Then we discuss the SCFT relevant to 
the D1/D5 black hole and its relationship with the SCFT of the D1/D5 system. We review 
the formulation of the absorption cross-section calculation from the SCFT as an evaluation 
of the thermal Green's function of the operators 0(z, z) corresponding to the supergravity 
field 0. We are able to show that the Hawking radiation calculated from the SCFT agrees 
precisely with that of the supergravity calculation if we fix the strength of the coupling /i in 
( |1.2(i| ) using the AdS/CFT correspondence. We investigate the dependence of the Hawking 
radiation of minimal scalars calculated from the SCFT and show that it is independent of 
the moduli as expected from supergravity. 

4.1 Supergravity calculation of absorption/Hawking ra- 
diation in presence of moduli 

We recall that the D1/D5 black hole solution in the absence of moduli is |2|,|3j obtained from 
the Dl /D5 system by further compactifying x 5 on a circle of radius R§ and adding left (right) 
moving Kaluza-Klein momenta along x 5 . The corresponding supergravity solution is given 
in (iLlp . 
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The absorption cross-section of minimal scalars in the absence of moduli is given by [|].^| 
a h - 2 7rW — exp(^/T H ) - 1 

where Th is given by 

i-H i-L J-R 



The quantities Tl, Tr, ri, are as defined in ( |1.25| ) and ( |1.14j ). We will now show that the 



absorption cross-section remains unchanged even when the moduli are turned on. 

From the equations of motion of type IIB supergravity ||, we can explicitly see that 
the five-dimensional Einstein metric ds\ Ein is not changed by turning on the sixteen moduli 
corresponding to the metric Gij on T 4 and the Ramond-Ramond 2-form potential B. As 
regards the four blowing up moduli, the invariance of ds\ Ein can be seen from the fact that 
turning on these moduli corresponds to 5*0(4,5) transformation (which is a part of a U- 
duality transformation) and from the fact that the Einstein metric does not change under 
U-duality. Now we know that the minimal scalars <p l all satisfy the wave-equation 

DpdPfi = (4.3) 

where the Laplacian is with respect to the Einstein metric in five dimensions. Since it is only 
this wave equation that determines the absorption cross-section completely, we see that a a b s 
is the same as before. 

It is straightforward to see that the Hawking rate, given by 

T H = a abs (e" /T » ~ l)- 1 ^ (4.4) 
is also not changed when moduli are turned on. 

4.2 Near horizon geometry of the D1/D5 black hole 

In order to find out the SCFT relevant for the D1/D5 black hole let us review the near 
horizon geometry of the D1/D5 black hole. The near horizon scaling limit is given by |7j 

a' -»• 0, r -> 0, r -> (4.5) 



71 



with 



T Tn 

U = — = fixed U = — = fixed (4.6) 
a' a' 

1 fixed g$ — -^t= — fixed -R5 = fixed 



16vr 4 a' 2 ™ y/v 

In this limit the metric of the D1/D5 black hole (|1.14 ) reduces to the following 



+ a'l 2 dtti + 



ds 2 = — ^(-dx^ + dx^) + —^(cosh adt + sinh adxQ 2 + — — j^dlr (4.7) 

\ -rr( dx l + • • • dx l) 

where I 2 = gey/QiQs- It can be seen that this geometry is that of BTZ x T 4 x S* 3 using the co- 
ordinate redefinitions given below. (Here BTZ refers to the black hole in three-dimensional 
anti de-Sitter space discovered by ||.) 

f 2 = (U 2 + U 2 sinh 2 <r)S (4.8) 

R5U0 cosha 
I 

R5U0 sinh a 
" = 1 

6 - — t = — 

R 5 R 5 

The metric in these new coordinates is given by 

^ = _ rfg - rl ; 1 (f - ri ) tf ^ + g ,, 2 / + 

i z r (r — r+){r — r_) \ r z l J 

+ a'l 2 dnj + \[^-{dx 2 + ... + dx 2 9 ) 

V ^^c5 

Our co-ordinate definitions are as follows: t, 0, f refer to BTZ co-ordinates, ^3 stands for 
the S 3 and xq, Xj, x%, x$ stand for the co-ordinates of T 4 . The mass M and the angular 
momentum J of the BTZ black hole are given by 

M=^-^ J= V ^ + (4.10) 

The mass M and the angular momentum J for the BTZ black hole are related to the 
parameters of the D1/D5 black hole by 

J T f _N L -N R 

7R 



where Nl, Nr are defined in ( p..25| ) and Lq, Lq are the levels of the SCFT. The extremal 
limit is given by r + = r_. From ( |4.10| ) and (|4.11|) we see that in the extremal limit Nr = 
as expected for the D1/D5 black hole. 

In order to find the relevant SCFT corresponding to the D1/D5 black hole let us look at 
the limit r + = r_ = 0. Substituting these values in ( f4.9|) we find the metric is given by 



ds 2 f 2 I 2 

£L = _: r dxl + l -dr 2 + f 2 # 2 (4.12) 
a l z r z 



In the above equation we have suppressed the T 4 and the S 3 part of the metric. By compari- 
son with (|3.5|) one can see that this metric is locally AdS% except for the global identification 
~ + 2tt. Let us compare this metric with that of AdS% in this global co-ordinates. In 
this co-ordinate system the metric of the AdS$ is given by 

ds 2 r 2 + 1 2 I 2 

% = -( L ^ L )dxl + 4-^dt 2 + r 2 d<p 2 (4.13) 
a' r r z + l z 

The geometry of the zero mass BTZ black hole and that of the AdS^ (although identical 
locally) has an important difference in the boundary conditions for the fermions. For the 
case of AdSz the fermions are anti-periodic in <fi and for the zero mass BTZ black hole they 
are periodic in cf). One can easily see that the constant time slice of the metric in ( |4.13| ) has 
the topology of a disk. This forces the fermions to be anti-periodic in <p for AdS%. For the 
case of the zero mass BTZ black hole in ( |4.13| ), the constant time slice has a singularity 
at f = 0. Therefore the fermions can be both periodic or anti-periodic. An analysis of the 
killing spinors in the background of the zero mass BTZ || shows that the fermions have to 
be periodic. Thus the SCFT at the boundary of the zero mass BTZ is in the Ramond sector 
while for the AdS^ case it is in the Neveu-Schwarz sector. 

From the above discussion we find that the SCFT relevant for the D1/D5 black hole 
with Kaluza-Klein momentum iV = is the Ramond vacuum of the M = (4, 4) SCFT on 
the orbifold Ai. The microscopic states corresponding to the general D1/D5 black hole are 
states with Lq ^ and Lq ^ excited over the Ramond vaccum of the M = (4, 4) SCFT on 
the orbifold M.. 
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4.3 The coupling with the bulk fields in the Ramond 
sector 



In Chapter 3 the coupling of the supergravity fields <fi with the operators O of the M = (4, 4) 
SCFT on the Ai in ( |3.1|) was determined using the Neveu-Schwarz sector. In this section 
we argue that these couplings will not change in the Ramond sector. Interaction terms in 
SCFT Lagrangian do not depend on whether one is in the Ramond sector or in the Neveu- 
Schwarz sector. It is only the quantities like partition function which change on going from 
the Neveu-Schwarz sector to the Ramond sector. The scaling dimension of an operator is 
given by operator product expansions(OPEs) with the stress energy tensor. Since OPEs are 
local relations , they do not change on going from the Neveu-Schwarz sector to the Ramond 
sector. Therefore the operators corresponding to the minimal scalars determined in Chapter 
3 will not change for the D1/D5 black hole. 

4.4 Determination of the strength of the coupling \i 

Before we perform the calculation of Hawking radiation/absorption cross-section from the 
SCFT corresponding to the D1/D5 black hole it is important to determine the strength of 
the coupling /i in ( |1.26| ). In this section we will determine fi for the case of minimal scalars 
hij^\ In Chapter 2 we have identified the SCFT operator corresponding to these fields of the 
supergravity. The SCFT operator is given by 

O ij (z, z) = dx A \z, z)dx j }(z, z) - -S ij dx k A Bx A {z, z) (4.14) 

Let us suppose the background metric of the torus T 4 is = 5ij. The interaction 
Lagrangian of the SCFT with the fluctuation hy is given by 

S int = fiT cS J d 2 z hijdx A dx A (4.15) 

The effective string tension T e g- of the conformal field theory , which also appears in the free 
part of the action 

M>^ + fem H (4 ,a) 

1 From now on hij will denote the traceless part of the metric fluctuations of T 4 . 
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has been discussed in J| |T^, [T3] . The specific value of T e g is not important for the calculation 
of the S'-matrix for absorption or emission, since the factor just determines the normalization 
of the two-point function of the operator 0^(z,z). In this section we will argue that the 
constant fi = 1. 

A direct string theory computation would of course provide the constant \i as well (albeit 
at weak coupling). This would be analogous to fixing the normalization of the Dirac-Born- 
Infeld action for a single D-brane by comparing with one- loop open string diagram [|16j. 
However, for a large number and more than one type of D-branes it is a difficult proposition 
and we will not attempt to pursue it here. Fortunately, the method of symmetries using the 
AdS/CFT employed for determining the operator O helps us determine the value of fi as 



well. For the latter, however, we need to use the more quantitative version |T^,[T8[ of the 
Maldacena conjecture. We will see below that for this quantitative conjecture to be true for 
the two-point function (which can be calculated independently from the J\f = (4, 4) SCFT 
and from supergravity) we need /i = 1. 

We have seen that the above normalization leads to precise equality between the absorp- 
tion cross-sections (and consequently Hawking radiation rates) computed from the moduli 
space of the D1/D5 system and from semiclassical gravity. This method of fixing the nor- 
malization can perhaps be criticized on the ground that it borrows from supergravity and 
does not rely entirely on the SCFT. However, we would like to emphasize two things: 

(a) We have fixed /x = 1 by comparing with supergravity around AdS3 background which 
does not have a black hole. On the other hand, the supergravity calculation of absorption 
cross-section and Hawking flux is performed around a black hole background represented in 
the near-horizon limit by the BTZ black hole. From the viewpoint of semiclassical gravity 
these two backgrounds are rather different. The fact that normalizing \x with respect to 
the former background leads to the correctly normalized absorption cross-section around the 
black hole background is a rather remarkable prediction. 

(b) Similar issues are involved in fixing the coupling constant between the electron and the 
electromagnetic field in the semiclassical theory of radiation in terms of the physical elec- 
tric charge, and in similarly fixing the gravitational coupling of extended objects in terms 
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of Newton's constant. These issues too are decided by comparing two-point functions of 
currents with Coulomb's or Newton's laws respectively. In the present case the quantitative 
version of the AdS/CFT conjecture |IT| , |IB|| provides the counterpart of Newton's law or 
Coulomb's law at strong coupling. Without this the best result one can achieve is that the 
Hawking radiation rates computed from D1/D5 branes and from semiclassical gravity are 
proportional. 

We should remark that fixing the normalization by the use of Dirac-Born-Infeld action, 
as has been done previously, is not satisfactory since the DBI action is meant for single 
D-branes and extending it to a system of multiple D1/D5 branes does not always give the 
right results as we have seen in Section |3.6| . The method of equivalence principle to fix the 
normalization is not very general and cannot be applied to the case of non-minimal scalars, 
for example. 

Let us now compare the two-point function for the minimal scalar hij determined from 
the AdS/CFT correspondence and the SCFT to determine the normalization constant \i. We 



will discuss the more quantitative version of the AdS/CFT conjecture [18, 17[] to compare 
the 2-point correlation function of from supergravity and SCFT. 

The relation between the correlators are as follows. Let the supergravity Lagrangian be 

+ J d 3 x 1 d 3 x 2 d 3 x 3 c i j ji ff ji ffjn(x 1 ,x 2 ,x 3 )hij(x 1 )hi'f(x 2 )h i n jf >(x 3 ) + . . . 

(4.17) 

where we have only exhibited terms quadratic and cubic in the h^s. The coefficient h 
determines the propagator and the coefficient c is the tree-level 3-point vertex in supergravity. 



The 2-point function of the C^/s (at large g s Qii g s Qs) is given by [T8|,[T7|], assuming S- mt 
given by (|4.15| ) 

(O ij (z 1 )O i > f (z 2 )) (4.18) 
= 2([iT cS y 2 Jd 3 x 1 d 3 x 2 [b ijti ' j/ (x 1 ,x 2 )K(x 1 \z 1 )K(x 2 \z 2 )} , 
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where K is the boundary-to-bulk Green's function for massless scalars [T7j . 

2 



K(x\z) 



1 

7T 



Xq 



(4.19) 



14 + (\z*-z\ 2 ). 

We use complex z for coordinates of the SCFT, and ) for the Poincare coordinates 

of bulk theory. 

4.4.1 Evaluation of the tree- level vertices in supergravity 

We begin with the bosonic sector of Type IIB supergravity. The Lagrangian is (we follow 
the conventions of ||19|| ) 



-^RR 



-^NS + -^RR 
1 



z/t 10 



-26 



R-A{d<pf + —{dB NS ) 



12 



(4.20) 



with kf Q = 647T 7 g^a' 4 . We use M, N . . . to denote 10 dimensional indices, ... to denote 
coordinates on the torus T 4 , M, N . . . to denote the remaining 6 dimensions and [i,v, . . . 
to denote coordinates on the AdS 3 . We have separately indicated the terms depending on 
Neveu-Schwarz Neveu-Schwarz and Ramond-Ramond backgrounds. 

Our aim will be to obtain the Lagrangian of the minimally coupled scalars corresponding 
to the fluctuations of the metric of the T 4 in the Dl/D5-brane system. We will find the La- 
grangian up to cubic order in the near horizon limit. Let us first focus on Ins- We substitute 
the values of the background fields of the D1/D5 system in the Type IIB Lagrangian with 
the following change in the metric 



h 2 h 'Si^Kfr'fa + hij). 



(4.21) 



where hij are the minimally coupled scalars with trace zero. These scalars are functions of 
the 6 dimensional coordinates. Retaining the terms upto 0(h 3 ) and ignoring the traces, the 
Lagrangian can be written as 

y. r , K / — —G MN 



'NS 



2^io 



d 6 xv /Z G^j— [dAihijdNhij + d M (hi k hkj)d N hij] (4.22) 



In the above equation we have used the near horizon limit and V4 is the volume of the T 4 . 
The metric Gmn near the horizon is 

ds 2 = ^(-dxl + dxl) + %dr 2 + R 2 dn 2 3 (4.23) 
R 2 r 2 

We make a change of variables to the Poincare coordinates by substituting 

zo = - (4.24) 
r 

x 

Zl = R 

x 5 

Z2 = — 
R 

The metric becomes 

ds 2 = R 2 \{dz 2 - dz\ + dz\) + R 2 d£l\. (4.25) 

Here R = Va'iglQiQs) 1 / 4 is the radius of curvature of AdS 3 (also of the S 3 ). For s-waves the 
minimal scalars do not depend on the coordinates of the S 3 . Finally, in Poincare coordinates 
Ins (correct to cubic order in h) can be written as 

J ns = -^R*Vs* J d 3 z^g^ [dnhifrhij + d^{h lk h kl )d u h l3 } , (4.26) 

where V53 = 2n 2 , the volume of a three-sphere of unit radius. 

Now we would like to show that to all orders in h, I RR = in the near horizon geometry. 
The relevant terms in our case are 



l RR 



-1^- / d"xV=GH A MH** d . (4.27) 



4 X o:„ 10 

We substitute the values of B due to the magnetic and electric components of the Ramond- 
Ramond charges and the value of G. The contribution from the electric part of B', after 
going to the near-horizon limit and performing the integral over S 3 and T 4 is 

V 4 



4k 2 



RV S 3 J d 3 z^g^det(5 ij + h~) (4.28) 



The contribution of the magnetic part of B' in the same limit is 



Ak 2 , 



RV S 3 J d 3 z v ^g~^/det{5 ij + h~) (4.29) 
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We note that the contribution of the electric and the magnetic parts cancel giving no cou- 
plings for the minimal scalars to the Ramond-Ramond background. Therefore the tree-level 
supergravity action correct to cubic order in h is given by 

j _ Q1Q5 

167T 

The coefficient QiQ 5/(167:) is U-duality invariant. This is because it is a function of 
only the integers Qi and Q§. This can be tested by computing the same coefficient from the 
Neveu-Schwarz/fundamental string background which is related to the D1/D5 system by S- 
duality. The Neveu-Schwarz/fundamental string back ground also gives the same coefficient. 



J d 3 z {d^hijd^hij + d^hikhkj^hij] (4.30) 



U-duality transformations which generate B^s backgrounds |2(J also give rise to the same 
coefficient. 

4.4.2 Two-point function 

The two-point function of the operator 0^ can be evaluated by substituting the value of 
bij t iij/(xi, X2) obtained from ( |4.30| ) into ( |4.18| ) and using the boundary-to-bulk Green's func- 



tion given in (^4.19|) . On evaluating the integral in ( 4.18 ) using formulae given in we 
find that 

(0«(*)<V(«O> = ^ T ^ 2 ^' 5 ^J\ z ^ wV ( 4 - 31 ) 

This is exactly the value of the two-point function obtained from the SCFT described by the 
free Lagrangian ( |2.17| ) provided we put \i—l. 

We have compared the two-point function obtained from the supergravity corresponding 
to the near horizon geometry of the D1/D5 system with no moduli to the orbifold SCFT. 
As we have argued before the orbifold SCFT corresponds to the D1/D5 system with moduli. 
Thus naively this comparison seems to be meaningless. On further examination we note that 
the coefficient in ([4.18|) was U-duality invariant. Since the D1/D5 system with moduli 

can be obtained through U-duality transformations we know that this coefficient will not 
change for the D1/D5 system with moduli. It is only the value of this coefficient which fixes 
to be 1. Thus the comparison we have made is valid. It is remarkable that even at strong 
coupling the two-point function of Oij can be computed from the free Lagrangian (|4.16| ). 



This is consistent with the non-renormalization theorems involving the M = (4, 4) SCFT. 
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The choice fi = 1 ensures that the perturbation ( 4.15| ) of ( 4.16|) is consistent with the 



perturbation implied in (|4.21| ). We will see in the next section that this choice leads to 
precise equality between absorption cross-sections (consequently Hawking radiation rates) 
calculated from semiclassical gravity and from the D1/D5 branes. The overall multiplicative 
constant T e g will not be important for the absorption cross-section calculation. This factor 



finally cancels off in the calculation as we will see in Section [4~7 . 

4.5 The black hole state 

As we have seen, the general non-extremal black hole will have Kaluza-Klein excitations 
along both the directions on the S 1 . In the SCFT, it is represented by states with L ^ 
and Lq 7^ over the Ramond vacuum. The black hole is represented by a density matrix 

P=^El i ><»1 (4-32) 
W 

The states \i) belongs to the various twisted sectors of the orbifold theory. They satisfy the 
constraint 

L Nl L Nr (4 33) 

We have suppressed the index which labels the vacuum. Q is the volume of the phase 

space in the micro-canonical ensemble. It can be seen that the maximally twisted sector of 

the orbifold gives rise to the dominant contribution to the sum in ( |4.32[ ) over the various 

twisted sectors. The maximally twisted sector is obtained by the action of the twist operator 
£(QiQ 5 -i)/2 on the R amonc i 

vacuum. From the OPE's in (|2.55|) we see that the twist operator 
£nQiQ5-i)/2 introduces a cut in the complex plane such that 

X A (e 2m z, e~ 2m z) = X A+1 (z, z) (4.34) 

Thus this changes the boundary conditions of the bosons and the fermions. Again from 
the OPEs in ( |2.55| ) one infers that the excitations like <90i| j^^ 1 ® 5 ^ 1 ^ 2 } over the maximally 
twisted sector have modes in units of A simple way of understanding that the 

maximally twisted sector has modes in units of l/(QiQ5) is to note that the boundary 
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conditions in ( (4.34| ) imply that Xa(z,z) is periodic with a period of 2nQiQ 5 . This forces 
the modes to be quantized in units of 1/(Q%Qb)- 

We now show that the maximally twisted sector can account for the entire entropy of the 



black hole. The entropy of the D1/D5 black hole given in ( 1.16 ) can be written as 

Ssugra = 2ttJn^+ 2tt^ (4.35) 

Using Cardy's formula, the degeneracy of the states in the maximally twisted sector with 
Lo = N L /QiQ 5 and L = Nr/QiQ^ is given by 

n = e 2 ^+2-v^ (4. 36 ) 

By the Boltzmann formula, 



^(maximally twisted) = 2tt^N l + 2tt^N r (4.37) 

Thus the maximally twisted sector entirely accounts for the D1/D5 black hole entropy. Nl 
and N R are multiples of Q1Q5 due to the orbifold projection. Therefore, the entropy can be 
written as 



S = 2n y /N L Q 1 Q 5 + 2n^N R Q 1 Q 5 (4.38) 

With this understanding, we restrict the calculations of Hawking radiation and absorp- 
tion cross-section only to the maximally twisted sector. The probability amplitude for the 
Hawking process is given by 

P=^J2\(f\S m S}\ 2 (4.39) 

where |/) denotes the final states the black hole can decay into. We have averaged over the 
initial states in the micro-canonical ensemble. 

It is more convenient to work with the canonical ensemble. We now discuss the method 
of determining the temperature of the canonical ensemble. Consider the generating function 

Z = Tr^e-^e"^ ) (4.40) 

where the trace is done over the Ramond states in the maximally twisted sector. Eq and Eq 
are energies of the left and the right moving modes. 

£0 = ^, E = ^ (4.41) 
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From the generating function Z in ( j4.4U| ) we see that the coefficient of e (Pl n l)/(QiQ5R5) anc i 
e -(fiRNs)/(QiQsRc) i s t h e degeneracy of the states with L = iV L /Qi<2 5 and L = Nr/QxQs 
corresponding to the D1/D5 black hole. A simple way to satisfy this constraint is to choose 
Pl and Pr such that Z is peaked at this value of L and L . 
Evaluating the trace one obtains 



°° (\ _|_ e -(PLn)/(QiQ 5 R 5 )\ 4 



n=l 



'1 _|_ e ~(PRn)/(QiQ 5 Rs)' 
1 _ p-{Pnn) / {Q1Q5R5) 



(4.42) 



Then 



InZ = 4 

+4 



-PLn/QiQsR^ 



-Plti/QiQsRs^ 



Ln=l 
00 



n=l 
00 



_n=l n=l 



(4.43) 
(4.44) 



We can evaluate the sum by approximating it by an integral given by 



\nZ = AQ 1 Q 5 R 5 J Q dx lnl^— ^j+ln 



1 + e 



-Pre " 



1 _ e -@RX 



(4.45) 



From the partition function in ( (4.40|) we see that 



d\nZ <N L > , <91nZ 
— and 



< N R > 



(4.46) 



dp L QiQ 5 R 5 dp R QiQs^s 

where < ■ > indicates the average value of N L and Nr. As the distribution is peaked at N L 
and Nr we assume that < Nl >= Nl and < Nr >= Nr. Using ( |4.45| ) we obtain 



Q 1 Q 5 R 5 tt' 2 
ft 



Nr 



Q1Q5R5 



and 



QiQ 5 R 5 ir 2 
fit 



N, 



Q1Q5R5 



Thus 



Tr 



1 



and T) 



1 



R 



kRsQiQs R p R 1TR5Q1Q5 

Above we have introduced a left temperature Tl and a right temperature Tr corresponding 
to the left and the right moving excitations of the SCFT to pass over to the canonical 
ensemble. 



(4.47) 



(4.48) 



4.6 Absorption cross-section as thermal Green's func- 
tion 



Let us now relate the absorption cross-section of a supergravity fluctuation 5(f) to the thermal 
Green's function of the corresponding operator of the Af = (4, 4) SCFT on the orbifold A4 



2j| . The notation 5(f> implies that we are considering the supergravity field to be of the form 

= 0o + (4.49) 
where O represents the background value and /i is the strength of the coupling. 

S = S + J d 2 z[(f) + fj,5$\0(z,z) 

(4.50) 



where 



S^ = S + J d 2 z faO{z,z) (4.51) 
S int = fi [d 2 z 50O(z, z) (4.52) 



O is the operator corresponding to supergravity field <fi. Sq is the Lagrangian of the SCFT 
which includes the deformations due to various backgrounds in the supergravity. For exam- 
ple, the free Lagrangian in ( |4.16| ) corresponds to the case when the field a±x + 02^789 i n 



fl3.20| ) is turned on. 

We calculate the absorption of a quanta 5(f) = K^e~ vpx corresponding to the operator O 
using the Fermi's Golden Rule. n$ is related to the five- dimensional Newton's constant G5 
and the ten-dimensional Newton's constant G10 as 

4 = 8*G^^^ ,3 ' a " (4.53) 

We see that k 5 is proportional to a' 2 . In the Maldacena limit ( |4.5| ) the coupling of the 
bulk fluctuation to the SCFT drops out. We retain this term for our calculation as Hawking 
radiation absorption cross-section is an 0(1/N) effect. We will see below that the absorption 
cross-section turns out to be proportional gsQiQ^a 2 . From ( P~7| ) we see that this is the fourth 



power of the radius of S 3 . The radius of S 3 is large for the supergravity to be valid. Thus 
although in the Maldacena limit fl4.5|) the coupling of the bulk fluctuation to the SCFT drops 
out, the factors of Q1Q5 picked up in the calculation ensure that this coupling survives for the 
comparison with supergravity. Furthermore, in analogy with AdS^/CFT^ correspondence 
the number of colours N of the JV = 4 SuperYang Mills in four dimensions corresponds to 
QiQs- As the absorption cross-section is proportional to Q1Q5, this is a 0(1/N) effect. 

In this computation of the absorption cross-section the black hole is represented by a 
canonical ensemble at a given temperature. The above interaction gives the thermally aver- 
aged transition probability V as 

V = £ = it^Lt £ ^(2tt) V(p + p t - p f ) I (/| O(0, 0) |<> | 2 (4.54) 

hf hf 

Here i and / refer to initial and final states respectively. Pi,Pf refers to the initial and final 
momenta of these states. L = 2ttRc, denotes the length of the string and t is the time of 



interaction. As we have seen in Section 4.5, the inverse temperature (3 has two components 



(3l and /3r. The relation of these temperatures to the parameters of the D1/D5 black hole is 

(3 L = i- and (3 R = i- (4.55) 
±l J-r 

The left moving momenta p + and the right moving momenta p_ are in a thermal bath with 
inverse temperatures (3l and (3r respectively. (3- p is defined as (3- p = (3lP+ + (3rP- ■ Z stands 
for the partition function of the thermal ensemble. 
The Green's function in Euclidean time is given by 

Q(-iT, x) = {0\-it, x)O(0, 0)) = Tt( P T t {0\-it, x)O(0, 0)}) (4.56) 

where p = e~^'^/Z. Time ordering is defined as T r with respect to — Imaginary (t). This 
definition coincides with radial ordering on mapping the co-ordinate (r, x) from the cylinder 
to the plane. The advantage of doing this is that the integral 

J dt dx e**g(t - ie, x)=J2 e -^ 1 (2rr) 2 5 2 (p + Pi - p f ) | (f\O(0, 0) \i) \ 2 (4.57) 

i,f 

The Green's function Q is determined by the two-point function of the operator O. This is 
in turn determined by conformal dimension (h, h) of the operator O and the normalization 
of the two-point function. 
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As we have to subtract out the emission probability we get the cross-section as 

a ahs n = V{l-e- pp ) (4.58) 



where T is the flux and V is given by ( |4.54j ). Substituting the value of V from ( [4.57] ) we get 

(Tabs = ^y- J dt dx{G{t - ie, x) - Q{t + ie, x)) (4.59) 

In the above equation we have related the evaluation of the absorption cross-section to the 
evaluation of the thermal Green's function. Evaluating the integral one obtains 

^KjLCo (2nT L r-\2nT R r-i - (-1)^+2^-/^/2 
aabs ~ T r(2h)T(2h) 2 1 bUj 

r(h + i-^—)r(h + i-?— ) 2 

1 2ttT l J K 2irT R J 

where Co is the coefficient of the leading order term in the OPE of the two-point function 
of operator O. 

4.7 Absorption cross-section of minimal scalars from 
the D1/D5 SCFT 

In the previous section we related the thermal Green's function of the SCFT operator to 
the absorption cross-section. We will apply the results of the previous section for the case 
of the minimal scalars. We will consider the case of the minimal scalars corresponding to 
the fluctuation of the metric of T 4 . Let the background metric of the torus be 5ij. Consider 
the minimal scalar Hq^. We know the SCFT operator corresponding to this has conformal 
dimension (1, 1). From Section O] we know that \l = 1. The interaction Lagrangian is given 



by 

S int = 2T cS J d 2 zh 67 dx 6 A (z, z)dx 7 A (z, z) (4.61) 

where we have set fi = 1. The factor of 2 arises because of the symmetric property of Iiq-j. 
S is given by 

S = T cS J d 2 zdx A (z, z)dx j A (z, z) (4.62) 
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Comparing with the previous section the operator O = 2T e sdx\( y z, z)dx\(z, z). For the 
absorption of a quanta of energy ui using ( |4.60| ) we obtain 



(j , -2vrVr 2 — exp(^/T g ) - 1 



where we have L = 2irR 5 , T = oj, ( J4.53 ) for k 5 and fl4.31| ) for C©. Comparing the absorption 



cross-section of the minimal scalars obtained from supergravity in ( |4.1|) with ( |4.63|) we find 
that 

a abs ( SCFT) = cr abs ( Supergravity) (4.64) 

Thus the SCFT calculation and the supergravity calculation of the absorption cross-section 
agree exactly. 

It is important to note that we have used the M = (4, 4) SCFT realized as a free SCFT 
on the orbifold M. as the background Lagrangian Sq. As we have said before, this SCFT 
is non-singular and therefore cannot correspond to the case of the D1/D5 system with no 
moduli. In Section [11] we have argued that the supergravity calculation of the absorption 
cross-section is independent of moduli. Therefore it makes sense to compare it with the 
SCFT result for the case with moduli turned on. In the next section we will show that the 
SCFT calculation is also independent of the moduli. 

Another point worth mentioning is that the method followed in the thesis for the calcu- 
lation of the absorption-crossection from the SCFT can be easily extended for the case of 
minimal scalars corresponding to the four blow up modes. This is not possible if one uses 
the long string model as the microscopic theory for the D1/D5 black hole. The simple reason 
being that these operators are not present in the long string model. 

4.8 Independence of Hawking radiation on Dl /D5 mod- 
uli 

In this section we will study the independence of the Hawking radiation on D1/D5 moduli. 
In Chapter 2 we have listed the twenty (1,1) operators Oi(z,z) in the SCFT based on the 
symmetric product orbifold M. which is dual to the D1/D5 system. Turning on various 
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moduli (ft 1 of supergravity corresponds to perturbing the SCFT 

S = S + j "d 2 z ftOi{z, z) (4.65) 

i 

where (f) % denote the near-horizon limits of the various moduli fields 0\ We note here that Sq 
corresponds to the free SCFT based on the symmetric product orbifold M.. Since this SCFT 
is non-singular (all correlation functions are finite), it does not correspond to the marginally 
stable BPS solution originally found in 0,0. Instead, it corresponds to a five-dimensional 
black hole solution in supergravity with suitable "blow-up" moduli turned on. 

Let us now calculate the absorption cross-section of a supergravity fluctuation 5(pi to 
the thermal Green's function of the corresponding operator of the SCFT. The notation 5<j)i 
implies that we are considering the supergravity field to be of the form 

(p i = 4> + V0 (4-66) 
where <f) represents the background value and \i is the strength of the coupling. 

S = S + J d 2 z$l + fi5p]Oi(z, z) 

(4.67) 

where 

^o = ^o + Jd 2 z fcOfaz) (4.68) 

S int = ti J d 2 z SfiOi&z) (4.69) 



As we have seen in the Section [4.6| the absorption cross-section of the supergravity fluc- 
tuation S(p l involves essentially the two-point function of the operator 0\ calculated with 
respect to the SCFT action S^ . Since Oi is a marginal operator, its two-point function is 
completely determined apart from a constant. Regarding the marginality of the operators 
Oi, it is easy to establish it upto one-loop order by direct computation (cy-fc = 0). The fact 
that these operators are exactly marginal can be argued as follows. The twenty operators 
Oi arise as top components of five chiral primaries. It is known that the number of chiral 
primaries with (jR,jn) = (m,n) is the Hodge number h% m ^ n of the target space M. of the 

on 



SCFT. Since this number is a topological invariant, it should be the same at all points of 
the moduli space of deformations. 

We showed in Section |4.4| that if the operator 0, corresponding to is canonically 
normalized (OPE has residue 1) and if 8 fa is canonically normalized in supergravity, then the 
normalization of Si n t as in ( 4.69|) ensures that a a b s from SCFT agrees with the supergravity 



result. The crucial point now is the following: once we fix the normalization of Si n t at a 
given point in moduli space, at some other point it may acquire a constant (7^ 1) in front 
of the integral when Oi and 8 fa are canonically normalized at the new point. This would 
imply that a a b s will get multiplied by this constant, in turn implying disagreement with 
supergravity. We need to show that this does not happen. 

To start with a simple example, let us first restrict to the moduli gr^ of the torus T 4 . We 
have 

S = f d 2 zdx i dx j g ij (4.70) 



The factor of string tension has been absorbed in the definition of x 1 . 



In Section |44| we had = 8ij + hij, leading to 



S — So + Si n t 

S = J ' d 2 z dx l dx^8ij 
Sint = I d 2 z dx % dx^ha 



(4.71) 

In the above equation we have set n — 1. As we have remarked above, this S int gives rise to 
the correctly normalized <j a bs- 

Now, if we expand around some other metric 



9ij = 9oij + (4.72) 



then the above action ( (4.70| ) implies 



S — S go + Si n t 

S go = J d 2 z dx % dx^ goij 
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S int = J*z dxWfHj 

(4.73) 

Now the point is that neither h%j nor the operator (9 iJ = dX l dX J in 5j nt is canonically 
normalized at g^ = gwj. When we do use the canonically normalized operators, do we pick 
up an additional constant in front? 
Note that 

and 

(h ij (x)h k i(y)) go = go,ik9o,ji^(x,y) (4.75) 

where T>(x,y) is the massless scalar propagator 
This shows that 

Statement (1): The two-point functions of and pick up inverse factors . 

As a result, 5j nt remains correctly normalized when re- written in terms of the canonically 
normalized h and O and no additional constant is picked up. 

The above result is in fact valid in the full twenty dimensional moduli space Ai because 
Statement (1) above remains true generally. 

To see this, let us first rephrase our result for the special case of the metric moduli ( f4.70|) 



in a more geometric way. The g^s can be regarded as some of the coordinates of the moduli 
space M. (known to be a coset SO(4, 5)/(50(4) x 5*0(5))). The infinitesimal perturbations 
hij, hki can be thought of as defining tangent vectors at the point ^o,ij (namely the vectors 
d/dgij,d/dgki)- The (residue of the) two-point function given by (|4.74|) defines the inner 
product between these two tangent vectors according to the Zamolodchikov metric ^31 . 

The fact that the moduli space M of the M = (4, 4) SCFT on M is the coset 50(4, 5)/(50(4)x 
50(5)) is argued in P4]| . If the superconformal theory has M = (4,4) supersymmety and if 
the dimension of the moduli space is d then it is shown in that the moduli space of the 
SCFT is given by 

SO(4 ^ 4) (4.76) 



50(4) x SO{d/A) 



09 



The outline of the argument is a follows. An Af = (4, 4) SCFT has superconformal SU (2)# x 
SU(2)r symmetry. We have seen that the bottom component of the short multiplet which 
contains the marginal operator (2, 2) s transforms as a (2,2) under SU(2) R x SU(2) R . 
The top component which corresponds to the moduli transforms as a (1,1) under the R- 
symmetry. The holonomy group of the Zamolodchikov metric should leave invariant the 
action of SU(2) R x SU{2) r . Then the holonomy group should have a form 

K c SU{2) x SU{2) x K c SO(d) (4.77) 

Then ( [4.771 ) together with M = (4, 4) supersymmetry and the left-right symmetry of the two 
SU(2) R s of the SCFT fixes the moduli space to be uniquely that given in ( |4.76|) . We have 
found in chapter 2 that there are 20 marginal operators for the M = (4, 4) SCFT on the 
orbifold A4. Therefore the dimension of the moduli space is 20. Thus A4 is given by 

~_ SO(4,5) 

M ~ 50(4) x SO(5) (4 ' 78) 

Consider, on the other hand, the propagator (inverse two-point function) of hij,hki in 
supergravity. The moduli space action of low energy fluctuations is nothing but the su- 
pergravity action evaluated around the classical solutions go,ij- The kinetic term of such a 
moduli space action defines the metric of moduli space. The statement (1) above is a simple 
reflection of the fact that the Zamolodchikov metric defines the metric on moduli space, and 
hence 

Statement (2): The propagator of supergravity fluctuations, viewed as a matrix, is the 
inverse of the two-point functions in the SCFT. 

The last statement is of course not specific to the moduli and is true of all the moduli. 
We find, therefore, that fixing the normalization of Si nt ( |4.69| ) at any one point <f)o ensures 
that the normalization remains correct at any other point <p' Q by virtue of Statement (2). We 
should note in passing that Statement (2) is consistent with, and could have been derived 
from AdS/CFT correspondence as applied to the two-point function. 

Thus, we find that a a b s is independent of the moduli, in agreement with the result from 
supergravity. 
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4.9 Entropy and area 



Here we make a brief mention of the fact that the correspondence between Bekenstein- 
Hawking entropy and the SCFT entropy remains true in the presence of all the twenty 
moduli. The reason is that in supergravity the Einstein metric remains unchanged (see 
Section 4.1) and therefore the area of the event horizon remains the same (this can be 
explicitly verified using the supergravity solution in [^(J). In the SCFT, since the operators 
corresponding to the above moduli are all exactly marginal (Section |4.8| ) therefore the central 
charge remains unchanged and hence, by Cardy's formula, the entropy does not change, in 
agreement with the Bekenstein-Hawking formula. 
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Chapter 5 

Concluding remarks and discussions 



In this thesis we have made precise the microscopic understanding of Hawking Radiation 
from the D1/D5 black hole. Our investigations have the following conclusions. 

(a) We presented an explicit construction of all the marginal operators in the SOFT of the 
D1/D5 system based on the orbifold M. These are twenty in number, four of which are 
constructed using Z2 twist operators and correspond to blowing up modes of the orbifold. 

(b) We classified the the twenty near-horizon moduli of supergravity on AdS 3 x £ 3 x T 4 
according to representations of £77(1, 1|2) x SU(1, 1|2) x £0(4)/. 

(c) We established one-to-one correspondence between the supergravity moduli and the 
marginal operators by inventing a new £0(4) symmetry in the SCFT which we identified 
with the £0(4)/ of supergravity. 

(d) We have explictly constructed all the chiral primaries of the Af = (4,4) SCFT on M. 

(e) We analyzed gauge theory dynamics of the D1/D5 system relevant for the splitting of 
the bound state (Q u Q 5 ) -> (Q[, Q' 5 ) + (Q'(, Qg). 

(f) We have settled a problem in the context of fixed scalars by showing that consistency 
with near-horizon symmetry demands that they cannot couple to (1,3) or (3,1) operators. 
They can only couple to (2,2) operators. This removes earlier discrepancies between D-brane 
calculations and semiclassical calculations of absorption and emission. 

(g) The black hole is represented by a density matrix of a microcanonical ensemble consisting 
of states of the various twisted sectors of the M = (4,4) SCFT on the orbifold M. The 
dominant contribution to the density matrix is from the maximally twisted sector of the 
orbifold M.. The maximally twisted sector can be obtained by applying the QiQs-cycle 
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twist operator over the Ramond vacuum. The coupling of the bulk field to the orbifold SCFT 
was deduced using the method of symmetries. These symmetries include the symmetries of 
the near-horizon geometry, as emphasized by the AdS/CFT correspondence. We calculate 
the absorption cross-section by relating it to the thermal Greens funtion of the SCFT. The 
thermal nature of Hawking radiation is because we have averaged over several microstates. 

(h) We determine the normalization of the interaction Lagrangian which couples CFT op- 
erators to bulk modes by using the quantitative version of the AdS/CFT correspondence, 
where we compare two-point functions computed from CFT and from supergravity around 
AdS 3 background. The normalization fixed this way remarkably leads to precise equality of 
absorption cross-sections (consequently Hawking radiation rates) computed from CFT and 
from supergravity around the black hole background. 

(i) We showed in supergravity as well as in SCFT that the absorption cross-section for 
minimal scalars is the same for all values of the moduli, therefore establishing the agreement 
between SCFT and supergravity all over the moduli space. 

We will now discuss some directions for future research. 

(a) It is important to determine the absorption cross-section of the fixed scalars from the 
orbifold SCFT. We have deterimed all the chiral primaries of the shortmultiplet (2, 2) s which 
contains the operators corresponding to the fixed scalars as its top component. We can use 
these chiral primaries to dermine all the operators with conformal dimensions (h, h) = (2, 2) 
corresponding to the fixed scalars. It would be interesting to see if the absorption cross- 
section calculated using these operators reproduce the semi-classical result. 

(b) One can find the description of Hawking radiation of scalars carrying angular momentum 
within the framework of the SCFT on M.. 

(d) It is very crucial to find the supergravity solutions of the D1/D5 system with moduli 
turned on. It is only then we can explicitly check the prediction made in this thesis that 
Hawking radiation for minimal scalars does not depend on the moduli for the D1/D5 black 
hole. 

(e) Recent developments has suggested that constant B^s moduli is associated with non- 
commutative geometry. It is important to investigate the D1/D5 system with B^s moduli 
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turned on. The microscopic theory of the D1/D5 system with B^s moduli encodes informa- 
tion about the moduli space of instantons on a non- commutative torus T 4 . 
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